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ABSTRACT
Factors Influencing Brook Trout Population Dynamics and Resilience in Central Appalachian
Headwater Streams

Christopher William Schwinghamer

Central Appalachia has a unique history of human perturbation due largely to its historical economic
reliance on extractive industry and timber harvest. Legacy impacts from these historic disturbances along
with contemporary stressors in the form of continued industry, changing climates, altered land use, habitat
fragmentation, and introduced species can present great threats to the region’s aquatic ecosystems. Brook
Trout Salvelinus fontinalis are a species that has recreational and economic importance to the
communities of central Appalachia but declines in size and abundance have been observed. Given the
disturbances that threaten Brook Trout populations, understanding how their populations will respond to
disturbance, its resilience is of great importance. Management actions aimed at imparting resilience to a
population could help maintain their sustainability.
Understanding a population’s dynamics is a key aspect in understanding its resilience. A population can
be defined by its recruitment, growth, and mortality. By understanding these vital rates, how a population
will respond to a perturbation can be modeled. Through these modeling efforts, we can begin to
understand what factors contribute to the resilience of a population. A wide variety of factors can affect
resilience such as environmental, population, landscape, and genetic factors. This greater understanding
can then help to guide management actions aimed at restoring population resilience.
The objectives of this research were aimed at gaining a greater understanding of the population dynamics
and the resilience of central Appalachian headwater Brook Trout populations. My first objective was to
evaluate the effects of stream flow on stock/recruitment relationships in Brook Trout. The second
objective was to use yield per recruit modeling as a tool to evaluate population resilience. My third
objective was to create a hypothesis based on long-term data that describes the mating system used in
headwater Brook Trout. Finally, my fourth objective was to evaluate relationships between population
genetic parameters and population resilience metrics.
My first chapter is a literature review containing previous research that has come out of the long-term
Brook Trout monitoring project at West Virginia University Additionally, descriptions of the methods
used and background about the streams sampled by the long-term project are described. Research
regarding the different aspects and quantification of population resilience is also covered. Resilience has
historically been difficult to define and quantify and as such, many different techniques have been
presented to do so. These are themes that show up at multiples places in the dissertations and this chapter
helps to lay out these critical background elements.
In the second chapter, I found that Brook Trout stock/recruitment dynamics fit best with the Ricker
model. The results also indicated a negative relationship between mean fall discharge and recruit
abundance the following year. Mean discharge in other seasons displayed important relationships, albeit
weaker ones. Spring and winter discharge had weak positive relationships with recruit abundance while
summer discharge exhibited a weak negative relationship. These results support previous research which

has shown that density-independent factors work with density-dependent factors to shape
stock/recruitment dynamics in lotic Brook Trout populations.
The results of my second chapter demonstrated the utility of optimum fishing pressure (Fopt) derived from
yield per recruit models, which are familiar to management biologists, in describing the level of
demographic compensation of a population. Additionally, the compensatory ability of a population was
found to be negatively associated with drainage area and positively associated with the distance of the
study stream to the confluence with a mainstem stream.
In the third chapter, I predict that a system exists in which diverse life history strategies exist primarily
among male Brook Trout in headwater streams. Some male Brook Trout are likely moving into mainstem
streams to access supplemental foraging habitats and improved growth rates while others remain in the
headwaters to improve survival and act as satellite males during spawning. Using simulation modeling, I
show a tradeoff between mortality and reproductive success that likely acts to maintain life history
diversity in these systems.
Finally, the results of the fourth chapter suggest that population genetic parameters do influence the
demographic resilience of a population. I found that inbreeding coefficient, rarefied allelic richness, and
effective population size were all important factors in describing population resilience. The relationships I
uncovered provide insight into the dynamics of gene flow and isolation in driving the resilience of a
population.
This research helps to elucidate factors that affect resilience in headwater Brook Trout populations. In the
face of the rapid global change that is currently facing ecosystems around the world, the results presented
in these chapters can help to guide management to achieve sustainability of this recreationally and
economically important fish. Additionally, the importance of long-term monitoring in understanding
population dynamics is also displayed in this research. Resilience is a multifaceted topic and a full
understanding of it is hard to achieve without having the proper data available. Through long-term
monitoring and modern modeling techniques, a greater understanding can be gained

ACKNOWLEDGEMENTS
Without the guidance and assistance of many people, my dissertation work would not have been possible.
First, a sincere thank you goes out to my doctoral advisor Dr. Kyle Hartman. Dr. Hartman was integral in
the development of my research and teaching skills and without his guidance, none of this work would
have been possible. Second, Dr. Quinton Phelps, a member of my doctoral committee and my master’s
advisor receives my gratitude for his mentorship throughout my graduate journey and provided me some
of my first real experience in the world of fisheries. Thank you to the remaining members of my
committee, Dr. Amy Welsh, Dr. John Sweka, and David Thorne, as well as Dr. Todd Petty for helping me
along the way and always being willing to answer any questions and provide any help that I needed. I am
also going to recognize the individuals that sparked my interest in biology and ecology from my high
school and undergraduate days. Dr. David Edds was my first mentor in the world of ecology and without
his love of the field that showed though in his teaching and mentorship I may have never reached the
achievements I have thus far in my career. Pam Moore and the late Ron Thuma, both formally of the Flint
Hills National Wildlife Refuge, introduced me to the field of fisheries and wildlife biology when I work
for them in high school. My high school science teachers Martha MacKay and Lance Bolen for growing
my interest in the sciences and providing the groundwork that has allowed me to pursue a career in
science. Additionally, I extend my sincere gratitude to all of the teachers and mentors at all levels who
have help guide me and shape me into who I am today.
Given that much of the data used in this research is part of a long-term monitoring program, additional
thanks must be extended to all the members of the Hartman Lab past and present. Without their diligent
work in the field and lab, this amazing dataset would not exist. So many students including myself have
been able to benefit greatly from all the work that has been done over the past two decades. The lab
members I have personally had the pleasure of working with include Ross Andrew, Emilee Briggs, Cory
Hartman, Ed Olesh, Zac Zacavish, Joe Kingsbury, Peter Jenkins, Levi Brown, Taylor Booth, Alex
Beneke, and Kay Zipp. Many others have also contributed to the project through their help in the field.
Some notable individuals who were always willing to help when I needed crew members were Bethany
Wager, Lindsey Hartzell, Andrew Arko, Michaela Collins, Zach Wallace, Jack Fisk, Josh Winger, and
Sierra Delaney, though many more also helped and deserve my thanks. Long-term projects would also not
be possible without many cooperators and supporters including the U.S. Forest Service, West Virginia
Division of Natural Resources, Mead Westvaco, Penn Virginia, Southwestern Energy, the WVU Division
of Forestry and Natural Resources, and the WVU Davis College.
Finally, a special thank you goes out to the family and friends who have always provide me with love and
support throughout my life, even when my endeavors took me halfway across the country. My thanks and
love go to my parents Fred and Mel and my sisters Katy and Kelly for always supporting me in anything I
wanted to do. My fiancé Bethany Boback deserves so much gratitude for her continual support and
staying by my side, even though being together 24/7 though a global pandemic. Thank you to my best
friends Keenan Kirby and Christian Parkman for always giving me an outlet to have fun and relax when
life got stressful. None of my accomplishments would have been possible without all of the people I have
named here and the many more that I may have omitted, and they all deserve as much of the credit for my
success as I do. Thank you all.

iv

Table of Contents
ABSTRACT ..................................................................................................................................... ii
ACKNOWLEDGEMENTS ............................................................................................................ iv
Chapter 1: Resilience and population dynamics of headwater Brook Trout populations in central
Appalachia: a review ........................................................................................................................ 1
Abstract ...................................................................................................................................... 2
Long-Term Project ..................................................................................................................... 3
Resilience ................................................................................................................................... 4
Literature Cited ......................................................................................................................... 10
Tables ........................................................................................................................................ 14
Figure Captions ......................................................................................................................... 17
Figures ....................................................................................................................................... 18
Chapter 2: Effects of streamflow on stock/recruitment relationships in Brook Trout of central
Appalachian headwater stream ........................................................................................................ 20
Abstract ..................................................................................................................................... 21
Introduction ............................................................................................................................... 22
Methods ..................................................................................................................................... 24
Study Area ........................................................................................................................... 24
Sampling Methods ............................................................................................................... 24
Data Analysis ....................................................................................................................... 25
Results ......................................................................................................................................... 27
Discussion ................................................................................................................................... 28
Literature Cited ........................................................................................................................... 31

v

Tables .......................................................................................................................................... 36
Figure Captions .......................................................................................................................... 42
Figures ........................................................................................................................................ 43
Chapter 3: Using yield per recruit modeling to evaluate factors influencing Brook Trout resilience in
West Virginia headwater streams ..................................................................................................... 47
Abstract ...................................................................................................................................... 48
Introduction ................................................................................................................................ 49
Methods ...................................................................................................................................... 50
Study Sites and Data Collection .......................................................................................... 50
Model Parameterization ...................................................................................................... 52
Resilience Metrics ................................................................................................................ 54
Data Analysis ....................................................................................................................... 54
Results ........................................................................................................................................ 55
Discussion .................................................................................................................................. 57
Literature Cited .......................................................................................................................... 62
Tables ......................................................................................................................................... 67
Figure Captions .......................................................................................................................... 77
Figures ........................................................................................................................................ 78

Chapter 4: Using simulation modeling to elucidate Brook Trout life history strategies in central
Appalachian headwater streams ........................................................................................................ 84
Abstract ....................................................................................................................................... 85
Introduction ................................................................................................................................. 86
Methods ....................................................................................................................................... 89
Study Area and Data Collection............................................................................................ 89
vi

Preliminary Data Analysis ................................................................................................... 89
Simulation Models ................................................................................................................ 90
Results ......................................................................................................................................... 92
Discussion ................................................................................................................................... 93
Literature Cited ........................................................................................................................... 98
Tables ........................................................................................................................................ 103
Figure Captions ......................................................................................................................... 107
Figures ....................................................................................................................................... 108
Chapter 5: Genetic predictors of population resilience in headwater Brook Trout populations........... 114
Abstract ..................................................................................................................................... 115
Introduction ............................................................................................................................... 116
Methods ..................................................................................................................................... 119
Study Area ........................................................................................................................... 119
Data Collection ................................................................................................................... 119
Genetic Protocols ................................................................................................................ 120
Genetic Data Analysis ......................................................................................................... 121
Population Projection Matrix Models ................................................................................. 122
Statistical Analysis ............................................................................................................... 123
Results ........................................................................................................................................ 124
Discussion .................................................................................................................................. 126
Literature Cited .......................................................................................................................... 130
Tables ......................................................................................................................................... 135
Figure Captions .......................................................................................................................... 139
Figures ........................................................................................................................................ 141

vii

Chapter 1: Resilience and population dynamics of headwater Brook Trout populations in
central Appalachia: a review.
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Abstract
Brook Trout Salvelinus fontinalis are a salmonid native to Eastern North America and the only
salmonid native to Central Appalachia (Budy et al., 2019). Given the cultural, social, and economic
importance of salmonids as sport fish, Brook Trout are a species of great interest to managers (Brown et
al., 2019). A powerful tool for the management of populations is long-term monitoring. Long-term
monitoring can provide insight into topics such as the effects of remediation and restoration efforts (Louhi
et al., 2016; Ng et al., 2017), evaluation of population trends (Ingersoll et al., 2013; White, 2019),
response to disturbance (Johnson & Russell, 2014; Moritz et al., 2021), and population spatial dynamics
(Sadoul, 1997), among others. One topic though that has not been well studied in stream-dwelling Brook
Trout is population resilience. Resilience has historically been difficult to define and quantify due to its
multifarious nature. Many techniques have been used in attempt to quantify resilience based on various
aspects such as population demographics and genetics. In this chapter I review the research that has been
produced using long-term Brook Trout data collected in central Appalachia. I also review the various
techniques used to evaluate resilience in populations.
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Long-Term Project
In Central Appalachia, 25 Brook Trout populations have been monitored since 2003. Of these, 17 lie
on the Monongahela National Forest in East-Central West Virginia, while eight are on adjacent private
lands, contemporarily used as private hunting leases and light timber harvest (Figure 1). These 25 streams
are stratified into five geologic classes, each class containing 5 streams. Of these geologic classes, four
geologic formations are represented; Chemung, Hampshire, Mauch Chunk, and Pottsville, with one
formation (Pottsville) containing two classes based on passive limestone sand treatments (PottsvilleLimed and Pottsville-Unlimed). Previous work on streams in these geologies has found that pH is
generally lowest in Pottsville streams, and Mauch Chuck are also acidic (Welsh & Perry, 1997). To
combat low pH in Pottsville streams, passive limestone sand additions are performed to increase the
buffering capacity of the stream. Chemung and Hampshire geologies exhibit pH measures that are slightly
acidic to slightly basic (Welsh & Perry, 1997). Metadata for the 25 study streams can be found in Table 1.
Survey protocols for this long-term monitoring project include summer habitat surveys and fall
electrofishing surveys. Summer habitat surveys are performed under low-flow conditions between starting
in late June. Stream sections surveyed for habitat were selected to be representative of the habitat
available to fish within the stream as a whole and range in length from 1000 – 3525 m (x̄ = 1752 m).
Streams are visually assessed and within each habitat unit (e.g. riffle, run, pool) three transects are
randomly assigned. Pools are defined as an area with slow, unbroken water that is at least 1 meter long
and 30 cm deep. Riffles are defined as fast, broken water. Runs occur rarely within our study streams but
are defined as long, deep riffles or long, shallow pools. Within each transect, a measurement is taken for
the wetted width and bankfull width are taken. Additionally, three depth measurements are taken
randomly across the width of the stream within each transect. In pools, additional measures of area of
spawning substrate, area of cover, and outflow depth are taken and pool forming mechanism is recorded.
Every tenth habitat unit, a large woody debris (LWD) count is performed with LWD measuring at least 5
cm in diameter and 1 m in length. Large woody debris is categorized into one of 7 categories based on its
length and diameter (Table 2). Every tenth riffle, a pebble count is performed. In each transect of the
3

pebble count unit, ten pieces of substrates are randomly selected from along the width of the stream and
are measure for diameter along an intermediate, diagonal axis.
Fish surveys are performed in the fall during Brook Trout spawning season (October and November).
Three, 100 m sections were defined in each stream. Sampling sections contain habitat that is
representative of the habitat available within the stream and as such, fish data is assumed to be
representative of what is in the stream as a whole. Three-pass, depletion protocols are used for surveys. A
third pass is not performed if less than 10% of Brook Trout caught in the first pass is caught in the second
pass. All trout (Brook, Rainbow Oncorhynchus mykiss, and Brown Salmo trutta) are measured to the
nearest mm in total length and weighed to the nearest tenth of a g. Sex is identified visually for all Brook
Trout collected following protocols outlined in Kazyak et al. (2013). All non-trout species are identified,
enumerated, and batch weights are taken by species. Sediment samples are also taken during
electrofishing surveys from potential Brook Trout redd sites. Ten samples are collected using a grain
scoop and includes all substrate and any water collected.
Previous research focusing on these study populations has covered a variety of topics. Probably the
most well covered topic thus far in this long-term study has been diet and body condition. Seasonal shifts
in Brook Trout consumption rates and diets have been observed in the study populations with
consumption peaking in the spring, declined rapidly in the summer, and remained low until the next
spring (Utz & Hartman, 2006). Hafs & Hartman (2017) observed peak body condition occurred in
September while the lowest condition occurred in February. Webster & Hartman (2005) were the first to
suggest the importance of terrestrial invertebrates in Brook Trout diets in our study systems, but several
others expanded on this. Utz et al. (2007) observed that Brook Trout diets were disproportionately
comprised on Scarabaeid beetles that were of terrestrial origin. Later, Utz & Hartman (2007) suggested
that terrestrial invertebrates were more important than aquatic invertebrates in the maintenance of Brook
Trout populations. Sweka & Hartman (2008) found that terrestrial invertebrates contributed to 51 – 63%
of the energy consumed annually by headwater Brook Trout. Riparian timber harvest has also been linked
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to dietary shifts as the ratio of allochthonous and autochthonous inputs in the system changes (Niles &
Hartman, 2021; Studinski et al., 2017; Studinski & Hartman, 2015).
Another commonly studied topic that the long-term project has been used to evaluate is the effects of
riparian timber harvest and large woody debris (LWD) additions to Brook Trout habitat and population
dynamics. Experimental additions of LWD were performed in eight streams sampled as part of the longterm study and the response of the habitat and Brook Trout populations was evaluated three- and six-years
post-treatment (Sweka et al., 2010; Sweka & Hartman, 2006). In the three-year post treatment study, new
pools were found to have formed but the overall area of pool habitats within the streams was unchanged
(Sweka & Hartman, 2006). Additionally, no observable effect was reported on the density of Brook Trout
in the stream (Sweka & Hartman, 2006). Similar patterns were observed in the six-year post treatment
study which observed no detectable effects of LWD additions on Brook Trout habitat or population
densities (Sweka et al., 2010). Another study found that 50 and 90% riparian basal area harvest (BAH)
practices altered instream temperature and sedimentation regimes, potentially affecting Brook Trout
populations (Studinski et al., 2012). Additionally, while these timber harvest practices resulted in higher
inputs of LWD into the streams, no net increase in pool area was observed (Studinski et al., 2012).
Andrew & Hartman (2015) documented higher rates of LWD inputs into study streams following
Hurricane Sandy in 2012.
Finally, population dynamics and the effects of environmental factors on Brook Trout populations
has also been studied using long-term data. The efficacy of scales as an aging structure was evaluated
which suggested that scales could reliably age young (age < 3) fish while age estimates of older fish may
be biased (Stolarski & Hartman, 2008). Hartman et al. (2007) observed evidence of stock-recruitment
relationships in some study streams but not other, with those in Hampshire and Pottsville geologies
exhibiting strong stock-recruitment relationships, while those in other geologies did not. Utz & Hartman
(2009) found that individual growth was reduced at high population densities suggesting density
dependent factors influence growth. Density dependent factors have also been linked to the control of
population density. Following the removal of beaver dams in some study stream, increases in Brook Trout
5

density were observed (Niles et al., 2013). Following these increases in density though, densities were
observed to decrease to below pre-removal levels (Niles et al., 2013). This relationship was more
prominent in warmer months (Utz & Hartman, 2009). Habitat use and fish movement was evaluated using
radio telemetry and Brook Trout habitat use was found to generally not change in relation to discharge
except in very low flow conditions, where pool use was negatively associated with discharge (Hartman &
Logan, 2010). Additionally, the average home range of Brook Trout in our study streams was found to be
approximately 450 m (Hartman & Logan, 2010). Extreme low flows have also been found to negatively
affect recruitment, driven by prevalence of fine sediments in spawning areas (Hartman & Hakala, 2006).
Finally, headwater Brook Trout population have been found to be potentially susceptible to overharvest,
requiring approximately 14.5 angler-days on average to deplete them of harvestable-sized (170 mm) fish
(Hartman et al., 2019).

Resilience
One topic that of interest to managers that has not been evaluate for long-term streams has been
population resilience. Resilience has been a hard topic to define and quantify though. Resilience can be
defined as how a system (e.g. population, community, ecosystem, etc.), responds to a disturbance by
maintaining the same basic structure and function (Walker & Salt, 2006). (Holling, 1973) introduced the
concept of resilience in the field of ecology in his seminal paper titled “Resilience and stability of
ecological systems”. Since the introduction of resilience to the field of ecology, it has become a buzzword
in the field with highly variable definitions and implementations (Angeler & Allen, 2016). As such, calls
have been made for the standardization of definition and quantification of resilience (Angeler & Allen,
2016; Brand & Jax, 2007). In their paper “Quantifying resilience” (Angeler & Allen, 2016) lay out
definitions for several terms commonly used in resilience science and theory. Researchers have employed
several techniques aimed at quantifying resilience. A framework has been developed to address the spatial
aspects of resilience which evaluates internal and external system elements (Allen et al., 2016). (Nash et
al., 2016) used discontinuity theory to show the relationship between cross-scale redundancy, the ability
6

of different species within a functional group to perform their functional role at different spatial scales,
and resilience. Seidl et al. (2016) used the range of variability concept to evaluate the long-term behavior
of a system. Indicators based on critical slowing down, the tendency of a system to exhibit increasingly
slow recovery from small perturbations as it approaches a catastrophic threshold, have been proposed to
quantify a systems loss of resilience leading to a collapse (Dai et al., 2012). This methodology though
primarily acts as an early indicator of population collapse, rather than providing a quantification of
resilience.
Capdevila et al. (2020) developed a framework for quantifying demographic resilience based on the
transient dynamics, the short-term dynamics of a population that result from demographic structures that
differ from the stable demographic structure, of a population following a disturbance using population
projection matrix (PPM) models. This is the framework used when defining resilience in subsequent
chapters of this dissertation. Capdevila et al. (2020) defined resilience in a demographic context as the
ability of a population to resist and recover from alterations to its demographic structure following a
disturbance. The authors also defined two components of resilience, resistance and recovery as well as
two processes that control resistance, demographic compensation and demographic resistance. A suite of
several metrics was proposed to quantify each of these aspects of resilience, calculations for which can be
found in table 3.
Demographic compensation is defined as the ability of a population to increase in abundance or
density following a disturbance event. Capdevila et al. (2020) proposed the use of three metrics to
quantify compensation: reactivity, maximal amplification, and amplification inertia (Figure 2). Reactivity
describes the immediate response of a population to a disturbance and is quantified as the highest density
a population can achieve in the first time-step following a disturbance. Maximal amplification represents
the highest density a population can reach at any time-step following a disturbance. Amplification inertia
represents the maximum displacement of a population in the long-term, after the transient period ends.
On the other end of the spectrum is demographic resistance. Resistance is defined as the ability of a
population to avoid decreases in density following a disturbance. Capdevila et al. (2020) recommended
7

the use of similar metrics to quantify resistance: first-step attenuation, maximal attenuation, and
attenuation inertia (Figure 2). First-step attenuation represents the lowest density a population can reach
in the first time-step following a disturbance. Maximal attenuation is the lowest density a population can
achieve at any time-step following a disturbance. Attenuation inertia represents the minimum
displacement of a population in the long-term, after the end of the transient period.
Another aspect of resilience was also proposed by Capdevila et al. (2020) which acted as a
combination of compensation and resistance. This aspect was transient envelope and was defined as the
transient bounds, the most extreme increases or decreases of a population density following a disturbance.
Two metrics were recommended to quantify the transient envelope: reactivity envelope and inertia
envelope. Reactivity envelope represents the width of the possible densities a population can achieve in
the short-term following a disturbance while inertia envelope represents the widths of the densities a
population can achieve within its new stable state after the transient period.
Finally, to evaluate the recovery of a population following a disturbance, (Capdevila et al., 2020)
recommended two metrics: damping ratio and convergence time (Figure 2). These two metrics have
similar interpretation and differ mostly based on unit. Both metrics describe the time it takes a population
to return to a stable state, the length of the transient period, following a disturbance. Damping ratio is a
unitless measure while convergence time is time stamped. As such, damping ratio is useful for comparing
recovery times across species or populations with different generation times. Convergence time on the
other hand is useful in providing managers with estimates on how long a population will take to recover
from a disturbance.
Another type of resilience of interest to ecologists is genetic resilience. Sgrò et al. (2011) proposed an
expansion of the definition of resilience to explicitly include the role of genetic diversity and evolutionary
potential in influencing the persistence of populations. They defined resilience in an evolutionary sense as
the ability of a population to persist in its current state and to undergo evolutionary adaptation in response
to environmental change (Sgrò et al., 2011). The role of genetic diversity as a key factor in the
management of a population has become increasingly emphasized due to its importance in defining
8

resilience (Amos & Balmford, 2001). Early work using simulation modeling linked genetic diversity to
higher adaptive capacity of populations (Lacy, 1987). Small population size has been linked to low
genetic diversity and thus adaptive capacity (Willi et al., 2006), but found that loss of genetic diversity
can be slowed or reversed by immigration from a large source population (Lacy, 1987). A positive
relationship been genetic diversity and population fitness has able been documented (Reed & Frankham,
2003). Genetic indices such as effective population size (Ne) have been proposed as metrics with which to
assess the extinction risk and evolutionary potential of a population (Jamieson & Allendorf, 2012). While
the effects of genetic diversity on a population’s evolutionary potential and persistence have been studied
in depth, its relationship with demographic resilience metrics has not been explored.
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Table 1. Stream characteristics and environmental metadata for the twenty-five streams sampled as part of the long-term Brook Trout monitoring
project.

Stream
Big Run
Birch Fork
Block Run
Brushy Run
Clubhouse Run
Crooked Fork
Elklick Run
Elleber Run
Lick Run
Light Run
Little Branch
Little Low Place
Long Run (Middle Fork)
Long Run (Seneca)
North Fork Panther Run
North Fork Red Run
Panther Run
Poca Run
Roaring Creek
Rocky Run
Sand/Red Run
Schoolcraft Run
Seneca Creek
Sugar Drain
Whites Run

Drainage System
NFSB Potomac
Middle Fork
Greenbrier
Seneca
Greenbrier
Elk
Dry Fork
Greenbrier
Greenbrier
Middle Fork
Cranberry
NFSB Potomac
Middle Fork
Seneca
Middle Fork
Dry Fork
Middle Fork
Greenbrier
Seneca
Middle Fork
Cranberry
Middle Fork
Seneca
Middle Fork
Seneca

Drainage
Area (km²)
3.82
5.07
7.34
18.65
8.09
8.36
13.65
5.57
2.58
6.13
1.99
5.51
7.65
13.54
3.6
13.89
5.51
2.53
6.32
8.44
4.55
7.94
5.28
1.73
12.8

Geology Type
Hampshire
Pottsville-Limed
Chemung
Mauch Chunk
Chemung
Mauch Chunk
Hampshire
Chemung
Chemung
Pottsville-Unlimed
Pottsville-Unlimed
Hampshire
Pottsville-Limed
Mauch Chunk
Pottsville-Unlimed
Mauch Chunk
Pottsville-Limed
Chemung
Mauch Chunk
Pottsville-Limed
Pottsville-Unlimed
Pottsville-Limed
Hampshire
Pottsville-Unlimed
Hampshire

Mean
Slope (%)
7.9
3.2
8.1
6.4
7.8
5.4
18.1
19.7
9.3
9.4
6.7
13.2
7.5
9.8
13.4
13.1
8.2
13.6
10.6
7.5
4.2
17
12.4
8.5
10.9

Mean Wetted
Width (m)
2.58
2.84
3.05
2.37
3.22
3.28
4.04
2.65
2.28
3.33
1.75
1.9
3.73
1.74
3.85
5.19
3.21
2.31
2.85
4.54
3.08
4.11
2.76
1.91
3.57

Mean
Elevation (m)
1155
865
1023
697
955
1020
613
1129
972
757
1075
970
695
759
760
942
755
1055
765
817
1065
736
1144
872
728

Flow
Distance to Accumulation
Stream Confluence
Difference
Order
(m)
(km^2)
2
1085
5.55
2
1135
2.42
2
36
19.42
2
3803
10.19
2
194
28.30
2
2378
8.36
3
636
1.32
2
219
3.96
1
46
6.98
2
50
20.63
1
35
22.32
2
35
2.46
2
3476
8.41
2
230
6.44
2
30
5.53
2
3016
4.82
3
30
3.61
2
30
3.66
1
30
13.55
2
1203
11.18
2
45
28.42
3
668
51.26
2
1128
4.15
1
30
5.79
3
222
27.27
14

Table 2. Each piece of large woody debris counted during Brook Trout habitat surveys is placed into one
of seven categories, the first six based on the length and diameter of the piece while the seventh is
reserved for exposed root wads.

Large Woody Debris Category
1
2
3
4
5
6
7

Length Range (m)
Diameter Range (cm)
1–5
5 – 10
1–5
10 – 50
1–5
> 50
>5
5 – 10
>5
10 – 50
>5
> 50
Root wad (very exposed)
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Table 3. Calculation of resilience metrics as recommended by Capdevila et al. (2020). Each metric was
calculated using population projection matrix models for each of the 25 headwater streams sampled.
Resilience Attribute
Compensation

Metric
Reactivity

Calculation
̂‖
𝜌̅1 = ‖𝐀
1

Max Amplification

̂𝑡 ‖ )
𝜌̅𝑚𝑎𝑥 = max (‖𝐀
1
𝑡>0
𝑣𝑚𝑎𝑥 ‖𝑤‖1
𝜌̅∞ =
𝑣 T𝑤
̂)
𝜌1 = 𝑚𝑖𝑛𝐶𝑆(𝐀

Amplification Inertia
Resistance

First-Step Attenuation
Max Attenuation

Transient Envelope

Reactivity Envelope
Inertia Envelope

Recovery Time

Damping Ratio

̂𝑡 ))
𝜌𝑚𝑖𝑛 = min (𝑚𝑖𝑛𝐶𝑆(𝐀
𝑡>0
𝑣𝑚𝑖𝑛 ‖𝑤‖1
𝜌∞ =
𝑣 T𝑤
̂
̂)
‖A‖1 /𝑚𝑖𝑛𝐶𝑆(𝐀
𝑣𝑚𝑎𝑥 ‖𝑤‖1 𝑣𝑚𝑖𝑛 ‖𝑤‖1
/
𝑣 T𝑤
𝑣 T𝑤
𝜌 = 𝜆1 /‖𝜆2 ‖

Convergence Time

𝑡𝑥 = log(𝜌)/ log(𝑥)

Attenuation Inertia

A = the population matrix model
Â = the standardized matrix population model, calculated as A/λmax
λmax = the dominant eigenvalue of A
w = the dominant right eigenvector, the stable demographic structure of A
v = the dominant left eigenvector, the reproductive value vector of A
minCS = the minimum column sum of the matrix
ρ = the transient bounds or damping ratio when distinguished with an overbar (amplification) or underbar
(attenuation)
Subscripts associated with ρ represent timeframe of a study. 1 indicates the first step, max and min are
maximum and minimum amplication and attenuation, and ∞ is inertia.
λ1 = the dominant eigenvalue
λ2 = the largest subdominant eigenvalue
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Figure Captions
Figure 1. Map of headwater streams sampled annually from 2003-2019. Each point represents the middle
shocking section within a study stream. Seventeen of the study streams are located on the Monongahela
National Forest while the remaining eight are on adjacent private land.
Figure 2. From Capdevila et al. (2020), this figure represents an example population that has been
disturbed and has experienced subsequent changes in population size. It helps to illustrate the various
resilience metrics that can be calculated using population projection matrix models based on the
framework presented by Capdevila et al. (2020). Metrics associated with demographic compensation are
represented in blue. These include reactivity, maximal amplification, and amplification inertia (upper
inertia). Resistance metrics are labeled in red and include first-step attenuation, maximal attenuation, and
attenuation inertia (lower inertia). Above the chart in grey, recovery time metrics are represented and
include damping ratio and convergence time. The transient envelope metrics, reactivity envelope and
inertia envelope can be visualized as the combination of reactivity and first-step attenuation and
amplification and attenuation inertia respectively.
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Abstract
Brook Trout Salvelinus fontinalis populations typically exhibit patterns of highly variable recruitment,
especially among stream dwelling populations. Annual fluctuations in recruitment are likely a result of a
combination of density-dependent and density-independent factors exerting influence on the populations.
Stream discharge has been found to contribute to this variability in previous work especially during
critical periods of Brook Trout spawning and incubation. Eighteen years of long-term Brook Trout
monitoring data collected on 25 central Appalachian headwater streams were used to evaluate the effects
of seasonal discharge on Brook Trout stock-recruitment dynamics. Brook Trout stock-recruitment
relationships were best described by a Ricker stock-recruitment model. Seasonal discharge did play a
significant role in shaping this relationship. A negative relationship between mean fall discharge and
recruit abundance had the strongest effect on Brook Trout stock-recruitment dynamics. Mean discharge in
the other seasons; spring, summer, and winter, exhibited weaker but also important relationships with
recruit abundance. Spring and winter discharge had weak positive relationships with recruit abundance
while summer discharge had a weak negative relationship. Extreme discharge, seasonal maximum and
minimum, never performed better than mean seasonal discharge. Our data supports previous work that
has found Brook Trout stock-recruitment relationships are driven by a combination of density-dependent
and independent factors. As global environments continue to change, understanding these relationships
may be crucial in mitigating negative impacts to Brook Trout populations.
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Introduction
Stream flow regimes can have great impacts on the physical and ecological conditions present in a
stream. The flow regime present in a stream can shape the physical habitat present (Frissell et al. 1986).
Additionally, the relationship between flow regime and physical habitat is a driver of the distribution and
abundance of aquatic species (Poff and Allan 1995). Historic patterns of timing and intensity of high flow
periods has shaped the life history patterns of aquatic organisms (Resh et al. 1988). Changing global
climate patterns though, threaten natural flow regimes and as such the organisms that have evolved to rely
on them (Dyer et al. 2014). Climate change projections have predicted altered timing of peak flow, longer
periods of low flow conditions, and more extreme high flow conditions (Gibson et al. 2005; Walsh and
Kilsby 2007).
Salmonids are a group of fish that are particularly reliant on flow regimes to shape their life histories
(Beechie et al. 2008; Malcolm et al. 2012; Nislow and Armstrong 2012). Flow regimes can control
migrations (Quinn et al. 1997; Sykes et al. 2009), alter survival rate (Connor et al. 2003; Cavallo et al.
2013), and determine habitat use (Vehanen et al. 2000). Roghair et al. (2002) observed catastrophic
habitat loss as a result of extremely high summer flows which resulted in decreased Brook Trout
Salvelinus fontinalis densities over a three-year period. Climate projections have predicted declining
habitat availability for many salmonid species due in large part to changes in temperature and flow
regimes (Walsh and Kilsby 2007; Williams et al. 2009; Wenger et al. 2011).
Flow regimes have been found to have great impacts on Brook Trout recruitment, especially when
abnormal intensity of discharge occurs during critical periods in Brook Trout life cycles. Extended
periods of low flow conditions have been found to impact Brook Trout recruitment. Summer droughts
have been linked to reduced abundance of adult and young of the year (YOY) Brook Trout by 60% and
67% respectively, likely due to reduced habitat quality and food availability (Hakala and Hartman 2005).
Additionally, low flows during the spawning season could also impact recruitment and a positive
relationship between fall drought index and the abundance of YOY Brook Trout the following year has
been observed (Andrew 2018).
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Higher than average flows during spawning, incubation, and emergence periods have also been linked
to reduced recruitment. High flows during spawning and incubation can scour redds, resulting in
increased mortality of eggs, potentially reducing recruitment (Meyers et al. 2010; Kanno et al. 2017;
Blum et al. 2018). High flow conditions during the emergence periods have the potential to displace larval
Brook Trout due to their inability to combat the swift velocities (Heggenes and Traaen 1988). Given the
relationships between Brook Trout YOY abundance and seasonal streamflow variables, it is likely that
these parameters may provide additional insight into Brook Trout stock-recruitment dynamics.
Evaluations of stream dwelling Brook Trout stock-recruitment relationships have shown mixed
results. Kanno et al. (2016) found that adult abundance was not an adequate predictor of YOY abundance
in the following year, suggesting that seasonal weather patterns were a much stronger driver in Virginia
populations. Grossman et al. (2012) observed a similar pattern of no significant stock-recruitment
relationships for a Michigan population. Other researchers have observed linear relationships between
stock abundance and recruitment abundance the following year (Grossman et al. 2010; Kanno et al.
2017). In central Appalachian populations, stock-recruitment relationships were observed in streams
flowing through Hampshire geology though the relationship differed by year suggesting densityindependent factors may be playing a role in shaping these relationships (Hartman et al. 2007). Huntsman
and Petty (2014) observed linear stock-recruitment dynamics that were significantly influenced by July
water temperatures. Ricker stock-recruitment dynamics have been observed in Pennsylvania populations,
which were negatively affected by high spring flow (Sweka and Wagner 2022). The variability observed
in Brook Trout stock-recruitment dynamics suggests additional work could provide insight into the effects
of density-dependent and -independent factors in shaping Brook Trout recruitment.
Previous literature has noted a combination of density-dependent and -independent factors work to
define the stock-recruitment dynamics of Brook Trout. To gain insight into the role of flow regime on
Brook Trout stock-recruitment dynamics, three linearized stock-recruitment models; density-independent,
Beverton-Holt, and Ricker, were tested, accounting for the influence of seasonal discharge rates for Brook
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Trout in 25 central Appalachian headwater streams. These models could provide insight into the influence
of flow regime on Brook Trout recruitment in central Appalachia in light of global climatic shifts.

Methods
Study Area
Brook Trout and stream flow data came from 25 headwater streams in eastern West Virginia, 17 of
which are located within the Monongahela National Forest, while the remaining eight are on privately
owned commercial forest land, used primarily as private hunting leases (Figure 1). This region of West
Virginia is largely defined by high elevations and is dominated by maple/beech/birch and oak/hickory
forests, but some spruce/fir forests are also present (Morin et al. 2016). Study streams range in elevation
from 613 – 1155 meters and in basin area from 1.7 – 18.7 km2. Sites are stratified into four geologic units:
Chemung, Hampshire, Mauch Chunk, and Pottsville, with one unit having two different classes associated
with limestone pH buffering treatments (Pottsville-Limed and Pottsville-Unlimed) resulting in a
stratification across five geological classes, each containing five streams. Different geologies have
different buffering capacities and thus stream within them exhibit different mean pH levels. Stratifying
across geologies provides insight into the effects of acidic conditions on Brook Trout populations.
Sampling methods
Brook Trout data were collected using annual triple-pass depletion backpack electrofishing surveys
on three 100 meter sections of each stream, representing upstream, middle, and downstream sections.
These sections were chosen to contain habitat representative of the habitat available to fish throughout the
study streams. Surveys were conducted in the fall (October – December) and occurred annually from
2003 – 2019. Other species commonly occurring in these streams included riffle daces Rhinichthys spp.
and Mottled Sculpin Cottus bairdi. Additionally, some streams also contained non-native populations of
Rainbow Oncorhynchus mykiss and Brown Salmo trutta trouts. All trout sampled were weighed to the
nearest tenth gram, measured to the nearest millimeter, and held in stream water until the end of the final
electrofishing pass, at which point they were released back into the stream. The care and handling of all
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fishes captured for this ongoing sampling is in accordance with protocols 15-0506 of West Virginia
University Animal Care and Use Committee.
Data Analysis
Brook Trout were assigned age classes using finite mixture models (Macdonald and Pitcher 1979)
using the R package mixdist (Macdonald and Du 2018). For the finite mixture models, Brook Trout were
assumed to only live to age 3 since previous work on the same systems found that Brook Trout range
from age 0 – 4 with only very few fish reaching age 4 (Stolarski and Hartman 2010). A finite mixture
model was created for each stream year combination. Abundance (Brook Trout / 300 m of stream
sampled) was estimated for each age class based on catch data using the k-pass removal method (Carle
and Strub 1978) in the FSA package in program R (Ogle et al. 2021). Stock abundance was calculated as
the sum of the abundance estimates of age 2 and age 3 fish in a year across all stream sections.
Recruitment was the estimated abundance of age 0 fish in the following year over the same 300 m of
stream sampled.. Using these data, recruit to stock ratio (R/S) was calculated as the quotient of stock and
recruits. The natural log of recruit to stock ratio (lnR/S) was also calculated. To eliminate variability in
productivity between streams, recruit abundance, stock abundance, R/S, and lnR/S data were centered and
scaled by the mean and standard deviation by stream.
Since river gauges are not present on our study streams, flow needed to be estimated. In-stream flow
was estimated using downstream United State Geological Survey (USGS) gauge data, elevation, and
basin area ratios (Zacavish 2020). A list of the streams, corresponding USGS river gauges, and basin
ratios can be found in Table 1. Discharge data were downloaded from the USGS waterdata website
(waterdata.usgs.gov) for a period of 2003 – 2021. Mean daily discharge was calculated for each gauge.
Daily discharge was multiplied by basin ratio to get stream specific daily mean discharge. Using these
stream specific data, seasonal covariates were calculated including average discharge, maximum
discharge, and minimum discharge. Spring was defined as March, April, and May; summer as June, July,
and August; fall as September, October, and November; and winter as December, January, and February.
January and February data were included in calculations for the winter of the previous year (e.g. January
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and February 2019 data would be used for the calculation of winter 2018 parameters, not for winter 2019
parameters). All seasonal discharge parameters were centered and scaled.
Linearized versions of stock-recruitment models were evaluated. For the density-independent model,
recruit abundance was regressed with stock abundance; for the Beverton-Holt model, R/S was regressed
stock abundance, and for the Ricker model, lnR/S was regressed with stock abundance (Ruppert and
Carroll 1985). To evaluate the effects of seasonal discharge on Brook Trout stock-recruitment
relationships, suites of candidate models were created for each stock-recruitment model including
seasonal discharge covariates. Model parameterizations can be found in Table 2. Models were created for
all pairwise combinations of mean spring, summer, fall, and winter discharge. Additional models were
created to evaluate maximum and minimum discharges and included all pairwise comparisons of
maximum fall, winter, and spring discharge, and all pairwise comparisons of minimum fall and summer
discharge, respectively. Since the time reference frame in these models was based on stock abundance
(e.g. 2003 represents the stock from 2003 and the recruitment from 2004), spring and summer discharge
parameters were lagged one year to ensure that the discharge would be relevant to the recruited class.
Models within stock-recruitment model class were compared using AICc and model averaged coefficients
were calculated accounting for shrinkage using the R package AICcmodavg (Mazerolle 2020). Top
models for each stock-recruitment model class were compared using R2 values. Model averaged
predictions were generated using AICcmodavg (Mazerolle 2020). The non-linear model average
predictions: Beverton-Holt and Ricker, were untransformed to make the response variable in units of
recruit density. For the Beverton-Holt model, this was achieved by multiplying predicted R/S values by
the stock density associated with the predicted value. For the Ricker model, the same procedure was
performed following an inverse natural log (epredicted lnR/S). To evaluate potential differences between
density-independent factors affecting stock-recruitment relationships based on geologic unit, identical
candidate sets were created for subsets of the full dataset based on each geologic unit. Models were
compared using identical methodology.
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Results
Brook Trout stock abundance estimates ranged from 1 – 52 fish per 300 m of stream sampled and
varied more across stream (coefficient of variation (CV) = 0.56) (Figure 2a) than year (CV = 0.34)
(Figure 2b). Recruit abundance estimates ranged from 1 – 436 fish and variation was comparable across
stream (CV = 0.48) and year (CV = 0.46). The highest average stock abundance observed occurred in
2016 (Mean (CV) = 18.42 (1.29)); this did not result in the highest recruit abundance though, with
observed recruit abundance in 2017 being 57.33 (1.25). The largest recruit abundance observed in this
study occurred in 2020 (73.86 (0.75)) which corresponded to a stock size in 2019 of 7.70 (1.12).
Discharge was more variable in spring (CV = 1.01) than in fall (CV = 0.68), summer (CV = 0.88),
and winter (CV = 0.93). Mean spring discharge ranged from 1.73 to 159.78 cfs, mean summer discharge
from 0.23 – 59.61 cfs, mean fall discharge from 0.24 – 115.55 cfs, and mean winter discharge from 1.56 –
152.72 cfs. The lowest seasonal mean discharge across years occurred in fall 2008 (mean (CV) = 1.19
(1.22)) while the highest seasonal mean discharge across years occurred in spring 2010 (mean (CV) =
51.19 (1.12)).
In the global model containing all geologic units, across all stock-recruitment model classes, densityindependent (Table 3), Beverton-Holt (Table 4), and Ricker (Table 5) models including seasonal mean
flow covariates with stock abundance did a better job at predicting recruit abundance than did stock
abundance alone or models containing minimum or maximum flow covariates. The Ricker (R2 = 0.300)
stock-recruitment model described the largest amount of variation when the top model from each of the
three candidate sets were compared, with Beverton-Holt (R2 = 0.259) performing second best and densityindependent (R2 = 0.081) performing worst. The top model in the Ricker candidate set (Table 5) included
stock abundance along with fall, spring, summer, and winter mean discharge. One other model also
indicated substantial support (ΔAICc < 2) and contained stock abundance with fall, spring, and winter
discharge. Stock abundance (β = -0.488) (Figure 3) exhibited a strong relationship with lnR/S. Fall
discharge (β = 0.227) (Figure 4a), winter discharge (β = -0.138) (Figure 4b), and spring discharge (β = -
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0.162) (Figure 4c) exhibited the strongest relationships with lnR/S among the discharge variables.
Summer discharge (β = 0.074) (Figure 4d) had a weaker but still important effect on lnR/S.
In the submodels based on geologic units, relationships were similar to those in the global model. The
Ricker model outperformed the Beverton-Holt and density-independent models in all geologic units
(Table 6). Fall discharge had a negative relationship with lnR/S across all geologic units. Mean fall
discharge was an important variable in the Hampshire (β = 0.114), Pottsville-Limed (β = 0.132), and
Pottsville-Unlimed (β = 0.232) models while maximum fall discharge was important in Chemung (β =
0.027) and Mauch Chunk (β = 0.354) geologies. Mean winter discharge was a weak but important
variable in Hampshire (β = -0.035), Pottsville-Limed (β = -0.037), and Pottsville-Unlimed (β = -0.060),
while maximum winter discharge was stronger and important in Chemung (β = -0.250). All of these
relationships between winter discharge and lnR/S were negative. Mean spring discharge had a negative
influence on lnR/S in Hampshire (β = -0.133) and Pottsville-Unlimed (β = -0.059), but was not selected in
any other geologic units. Mean summer discharge was also selected in two geologic units, Hampshire (β
= 0.191) and Pottsville-Limed (β = -0.135). The relationship between summer discharge and lnR/S was
positive for Hampshire which was similar to that observed in the global model but negative for PottsvilleLimed. This was the only relationship between a discharge variable and lnR/S that changed sign from the
global model.

Discussion
The Ricker model performed the best in predicting recruit abundance in the study populations.
Previous work on Brook Trout stock-recruitment dynamics have found varying results, including no
stock-recruitment relationships (Grossman et al. 2012; Kanno et al. 2016), linear relationships (Hartman
et al. 2007; Grossman et al. 2010; Huntsman and Petty 2014; Kanno et al. 2017), and Ricker dynamics
(Sweka and Wagner 2022). Ricker stock-recruitment dynamics have been observed in other stream
dwelling salmonid populations. Knapp et al. (1998) found that stock-recruitment relationships in Golden
Trout Oncorhynchus mykiss aguabonita were best described by the Ricker model but the “dome-shape”
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associated with the Ricker model was weak. Nicola et al. (2008) observed Brown Trout populations in
southern Europe could be fitted to a Ricker model, but most populations exist at densities low enough to
not reach density-dependence. Our results concur with the results of these other studies in suggesting that
density-dependent processes help to shape Brook Trout recruitment dynamics.
Our results suggest that density-independent processes, like discharge can work with densitydependent processes to regulate Brook Trout recruitment. High discharge during the spawning period
(fall) was found to be positively associated with recruit abundance the following year while high
discharge during the emergence period was negatively associated with recruit density. Other researchers
have suggested that high fall stream flow can improve YOY abundance in the following year by
providing access to small tributaries for spawning (Kanno et al. 2014; Whiteley et al. 2015; Kanno et al.
2016). Additionally, low flow during this period can result in dewatering and thus mortality of eggs
(Kanno et al. 2016). High flows during the incubation (winter) and emergence (spring) though, were
found to negatively impact recruitment. Previous studies have suggested that high flows during
incubation can scour redds, resulting in reduced recruitment (Meyers et al. 2010; Kanno et al. 2017; Blum
et al. 2018). Spring flood have been linked to reduced survival of age 0 Brook Trout in other systems
(Warren et al. 2009; Sweka and Wagner 2022). High flows that occur before young fish have developed
strong swimming capabilities has been linked to high mortality in other stream dwelling salmonids, likely
due to downstream displacement and reduced oxygen availability due to high sediment loads (Jensen and
Johnson 1999). These results add to the body of research relating discharge to mortality in Brook Trout
recruitment.
Similar patterns of flow affecting stock-recruitment dynamics have been observed in other stream
dwelling salmonids. Density-dependent Brown Trout recruitment has been found to be affected by spring
(Lobón‐Cerviá and Rincón 2004) and summer (Nicola et al. 2009) flow conditions. Daufresne and
Renault (2006) suggested that stream-dwelling Brown Trout population are controlled by a combination
of density-dependent and independent processes. In Arctic Grayling Thymallus arcticus, discharge during
incubation and emergence periods controls recruitment (Clark 1992). Gregory et al. (2020) found that
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temperature and discharge along with density-dependent processes control recruitment of several
salmonids in Wales. Given the strong evidence that environmental factors help to control recruitment in
stream-dwelling salmonids, these variables should be accounted for when evaluating stock-recruitment
dynamics.
Density-independent factors such as discharge affect many aspects of stream fish ecology. Discharge
regimes can help to shape stream fish community composition (Hawkes et al. 1986; Jellyman et al. 2013),
shape a system’s productivity (Cardinale et al. 2005), and defines the physical habitat available to
organisms (Macura et al. 2018). Higher than average flows can be beneficial to a stream ecosystem. In
warmwater streams, YOY fish density was positively correlated to short-term periods of high flow
(Craven et al. 2010). High flow during spawning season has been found to allow for more even
distributions of fish entry time than if flow was low during the spawning period (Tetzlaff et al. 2005). The
intensity of spring floods has also been found to aid in the control of abundances of spring and fall
spawning salmonids (Warren et al. 2009). While high flow conditions can be positive for stream
ecosystems, extremely high flows can present severe ramifications to the ecosystem. Lukas and Orth
(1995) found that high flow conditions were responsible for 85% of the nest failures observed in
Smallmouth Bass Micropterus dolomieu. Flooding can cause catastrophic habitat loss resulting in large
reductions in population density (Roghair et al. 2002).
Extended periods of low flow conditions can also have serious consequences for stream ecosystems.
Drought conditions have been linked to decreased population density and year class failure in several
species (Cowx et al. 1984; Hakala and Hartman 2005; Jespersen et al. 2021). Macroinvertebrate
communities are also threatened by drought conditions, threatening the base of aquatic food webs
(Boulton and Lake 2008). Habitat fragmentation is another consequence of extended drought, generally
resulting in decreased survival and increased probability of extinctions of local populations. Instances of
extreme flow conditions are projected to increase in frequency as global climates change (DickersonLange and Mitchell 2014; Demaria et al. 2016). As such, understanding how these new flow regimes will
affect stream ecosystems is of great importance.
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Tables
Table 1. Study stream and the corresponding USGS river gauge used to predict discharge is the study
stream. Discharge was predicted using basin ratios.
Stream

USGS River Gauge Name

Big Run

N F South Branch Potomac River
at Cabins, WV
Buckhannon River at Hall, WV
Greenbrier River at Durbin, WV
N F South Branch Potomac River
at Cabins, WV
Greenbrier River at Durbin, WV
Elk River below Webster Springs,
WV
Cheat River near Parsons, WV
Greenbrier River at Durbin, WV
Greenbrier River at Durbin, WV
Buckhannon River at Hall, WV
Cranberry River near Richwood,
WV
N F South Branch Potomac River
at Cabins, WV
N F South Branch Potomac River
at Cabins, WV
Buckhannon River at Hall, WV

01606000

Basin
Ratio
0.012

03053500
03180500
01606000

0.067
0.049
0.031

03180500
03194700

0.047
0.012

03069500
03180500
03180500
03053500
03187500

0.008
0.038
0.014
0.077
0.008

01606000

0.015

01606000

0.028

03053500

0.093

Buckhannon River at Hall, WV

03053500

0.039

Cheat River near Parsons, WV
Buckhannon River at Hall, WV
Greenbrier River at Durbin, WV
N F South Branch Potomac River
at Cabins, WV
Buckhannon River at Hall, WV
Cranberry River near Richwood,
WV
Buckhannon River at Hall, WV
N F South Branch Potomac River
at Cabins, WV
Buckhannon River at Hall, WV
N F South Branch Potomac River
at Cabins, WV

03069500
03053500
03180500
01606000

0.006
0.060
0.015
0.012

03053500
03187500

0.113
0.022

03053500
01606000

0.010
0.013

03053500
01606000

0.023
0.031

Birch Fork
Block Run
Brushy Run
Clubhouse Run
Crooked Fork
Elklick Run
Elleber Run
Lick Run
Light Run
Little Branch
Little Low Place
Long Run (Seneca)
Long Run (Middle
Fork)
North Fork Panther
Run
North Fork Red Run
Panther Run
Poca Run
Roaring Creek
Rocky Run
Sand/Red Run
Schoolcraft Run
Seneca Creek
Sugar Drain
Whites Run

Gauge Number
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Table 2. Model parameterizations for three linearized stock/recruitment models: density independent,
Beverton-Holt, and Ricker. For the equations, R represents recruit density, R/S represents the ratio of
recruit density to stock density, and the lnR/S represents the natural log of the ratio of recruit density to
stock density. The intercept is represented by β0 and β1 represents the beta associated with stock density
(xs). All subsequent β and x values are associated with various seasonal discharge variables and vary
depending on the specific model in the candidate set.
Stock/Recruitment Model
Density Independent
Beverton-Holt
Ricker

Model Parameterization
𝑅 =  𝛽0 +  𝛽1 𝑥𝑆 +  𝛽2 𝑥2 + ⋯
𝑅/𝑆 =  𝛽0 +  𝛽1 𝑥𝑆 +  𝛽2 𝑥2 + ⋯
𝑙𝑛𝑅/𝑆 =  𝛽0 +  𝛽1 𝑥𝑆 +  𝛽2 𝑥2 + ⋯
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Table 3. Model selection table for candidate set to select the best fit model for the density-independent
(linear) stock-recruitment model. The equation for this model is 𝑅 =  𝛽0 +  𝛽1 𝑥𝑆 +  𝛽2 𝑥2 + ⋯, where R
represent recruit abundance, β0 is the intercept, β1 is the coefficient associated with xS (stock abundance),
and subsequent β and x values are associated with seasonal discharge parameters.
Model Parameters
Stock + Mean Fall + Mean Spring +
Mean Summer + Mean Winter
Stock + Mean Fall + Mean Spring +
Mean Winter
Stock + Max Fall + Max Winter
Stock + Mean Fall + Mean Spring
Stock + Mean Fall + Mean Spring +
Mean Summer
Stock + Max Fall
Stock + Max Fall + Max Spring +
Max Winter
Stock + Max Fall + Max Spring
Stock + Min Fall
Stock + Mean Fall + Mean Winter
Stock + Mean Fall
Stock + Min Fall + Min Summer
Stock + Mean Fall + Mean Summer
+ Mean Winter
Stock + Mean Fall + Mean Summer
Stock + Mean Spring
Stock + Mean Spring + Mean
Summer
Stock + Mean Spring + Mean Winter
Stock + Mean Spring + Mean
Summer + Mean Winter
Stock + Max Winter
Stock + Max Spring + Max Winter
Stock
Intercept Only
Stock + Mean Summer
Stock + Max Spring
Stock + Mean Winter
Stock + Min Summer
Stock + Mean Summer + Mean
Winter

K
7

AICc
1090.02

ΔAICc
0.00

AICc
Wt.
0.37

Cum
Wt.
0.37

Log
Liklihood
-537.87

6

1090.72

0.70

0.26

0.63

-539.25

5
5
6

1095.45
1093.26
1093.51

5.43
3.24
3.49

0.11
0.07
0.06

0.74
0.81
0.87

-541.15
-541.55
-540.65

4
6

1094.10
1094.34

4.08
4.32

0.06
0.04

0.93
0.97

-543.00
-541.06

5
4
5
4
5
6

1095.83
1099.56
1101.18
1101.21
1101.60
1102.06

5.81
9.54
11.16
11.19
11.58
12.04

0.02
0.00
0.00
0.00
0.00
0.00

0.99
0.99
0.99
1.00
1.00
1.00

-542.84
-545.73
-545.51
-546.55
-545.73
-544.92

5
4
5

1102.41
1102.41
1103.62

12.39
12.39
13.60

0.00
0.00
0.00

1.00
1.00
1.00

-546.13
-547.40
-546.74

5
6

1103.83
1104.22

13.81
14.20

0.00
0.00

1.00
1.00

-546.84
-546.00

4
5
3
2
4
4
4
4
5

1106.77
1108.56
1113.19
1113.37
1114.79
1115.05
1115.17
1115.19
1116.74

16.75
18.54
23.17
23.35
24.77
25.03
25.15
25.17
26.72

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00

-549.33
-549.20
-553.56
-554.67
-553.34
-553.48
-553.53
-553.55
-553.30
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Table 4. Model selection table for candidate set to select the best fit model for the Beverton-Holt stockrecruitment model. The equation for this model is 𝑅/𝑆 =  𝛽0 +  𝛽1 𝑥𝑆 +  𝛽2 𝑥2 + ⋯, where R/S represent
the ratio of recruit abundance to stock abundance, β0 is the intercept, β1 is the coefficient associated with
xS (stock abundance), and subsequent β and x values are associated with seasonal discharge parameters.
Model Parameters
Stock + Mean Fall + Mean Spring +
Mean Winter
Stock + Mean Fall + Mean Spring
Stock + Mean Fall + Mean Spring +
Mean Summer + Mean Winter
Stock + Mean Fall
Stock + Mean Fall + Mean Spring +
Mean Summer
Stock + Mean Fall + Mean Winter
Stock + Mean Fall + Mean Summer
Stock + Mean Fall + Mean Summer
+ Mean Winter
Stock + Max Fall + Max Winter
Stock + Max Winter
Stock + Min Fall + Min Summer
Stock + Min Fall
Stock + Max Fall + Max Spring +
Max Winter
Stock + Max Spring + Max Winter
Stock + Max Fall
Stock + Mean Spring
Stock + Max Fall + Max Spring
Stock + Mean Spring + Mean
Summer
Stock + Mean Spring + Mean Winter
Stock + Min Summer
Stock
Stock + Mean Spring + Mean
Summer + Mean Winter
Stock + Max Spring
Stock + Mean Winter
Stock + Mean Summer
Stock + Mean Summer + Mean
Winter
Intercept Only

K
6

AICc
1052.40

ΔAICc
0.00

AICc
Wt.
0.33

Cum
Wt.
0.33

Log
Liklihood
-520.09

5
7

1053.53
1053.63

1.13
1.23

0.19
0.18

0.52
0.70

-521.69
-519.67

4
6

1055.15
1055.16

2.75
2.76

0.08
0.08

0.78
0.86

-523.52
-521.47

5
5
6

1055.35
1057.03
1057.10

2.95
4.63
4.70

0.08
0.03
0.03

0.94
0.97
1.00

-522.60
-523.44
-522.44

5
4
5
4
6

1067.59
1069.04
1069.35
1069.37
1069.49

15.19
16.64
16.95
16.97
17.09

0.00
0.00
0.00
0.00
0.00

1.00
1.00
1.00
1.00
1.00

-528.72
-530.47
-529.60
-530.63
-528.64

5
4
4
5
5

1070.44
1071.25
1071.81
1073.26
1073.68

18.04
18.85
19.41
20.86
21.28

0.00
0.00
0.00
0.00
0.00

1.00
1.00
1.00
1.00
1.00

-530.14
-531.57
-531.85
-531.55
-531.76

5
4
3
6

1073.68
1075.15
1075.40
1075.52

21.28
22.75
23.00
23.12

0.00
0.00
0.00
0.00

1.00
1.00
1.00
1.00

-531.77
-533.52
-534.67
-531.65

4
4
4
5

1076.94
1077.43
1077.44
1079.47

24.54
25.03
25.04
27.07

0.00
0.00
0.00
0.00

1.00
1.00
1.00
1.00

-534.42
-534.66
-534.67
-534.66

2

1113.37

60.97

0.00

1.00

-554.67
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Table 5. Model selection table for candidate set to select the best fit model for the Ricker stockrecruitment model. The equation for this model is ln𝑅/𝑆 =  𝛽0 +  𝛽1 𝑥𝑆 +  𝛽2 𝑥2 + ⋯, where lnR/S
represent the natural logarithm of the ratio of recruit abundance to stock abundance, β0 is the intercept, β1
is the coefficient associated with xS (stock abundance), and subsequent β and x values are associated with
seasonal discharge parameters.
Model Parameters
Stock + Mean Fall + Mean Spring +
Mean Summer + Mean Winter
Stock + Mean Fall + Mean Spring +
Mean Winter
Stock + Mean Fall + Mean Spring
Stock + Mean Fall + Mean Spring +
Mean Summer
Stock + Mean Fall + Mean Winter
Stock + Mean Fall + Mean Summer
+ Mean Winter
Stock + Mean Fall
Stock + Max Fall + Max Winter
Stock + Mean Fall + Mean Summer
Stock + Max Fall + Max Spring +
Max Winter
Stock + Max Winter
Stock + Max Spring + Max Winter
Stock + Mean Spring + Mean
Winter
Stock + Mean Spring
Stock + Mean Spring + Mean
Summer + Mean Winter
Stock + Max Fall
Stock + Min Fall
Stock + Mean Spring + Mean
Summer
Stock + Min Fall + Min Summer
Stock + Max Fall + Max Spring
Stock
Stock + Mean Winter
Stock + Min Summer
Stock + Mean Summer
Stock + Max Spring
Stock + Mean Summer + Mean
Winter
Intercept Only

K
7

AICc
981.15

ΔAICc
0.00

AICc
Wt.
0.59

Cum
Wt.
0.59

Log
Liklihood
-483.43

6

982.08

0.93

0.37

0.96

-484.93

5
6

988.41
988.78

7.26
7.63

0.02
0.01

0.98
0.99

-489.13
-488.28

5
6

992.68
993.42

11.53
12.27

0.00
0.00

1.00
1.00

-491.26
-490.61

4
5
5
6

995.46
996.35
996.71
998.41

14.31
15.20
15.56
17.26

0.00
0.00
0.00
0.00

1.00
1.00
1.00
1.00

-493.68
-493.10
-493.28
-493.10

4
5
5

1000.81
1003.49
1004.26

19.66
22.34
23.11

0.00
0.00
0.00

1.00
1.00
1.00

-496.36
-496.17
-497.05

4
6

1004.51
1004.75

23.36
23.60

0.00
0.00

1.00
1.00

-498.20
-496.27

4
4
5

1004.92
1005.02
1005.44

23.77
23.87
24.29

0.00
0.00
0.00

1.00
1.00
1.00

-498.41
-498.46
-497.64

5
5
3
4
4
4
4
5

1006.83
1006.92
1014.25
1015.81
1015.94
1015.95
1016.06
1017.44

25.68
25.77
33.10
34.66
34.79
34.80
34.91
36.29

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00

-498.34
-498.38
-504.10
-503.85
-503.92
-503.93
-503.98
-503.64

2

1113.37

132.22

0.00

1.00

-554.67
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Table 6. Comparison of R2 values of top performing models based on AICc model selection of candidate
sets of Brook Trout stock-recruitment models. Candidate sets were created for three stock-recruitment
models within five geologic classes. Models within each candidate set accounted for the effects of
seasonal discharge on recruitment. The Ricker stock-recruitment model performed best in all geologic
classes.

Geologic Unit
Chemung
Hampshire
Mauch Chunk
Pottsville-Limed
Pottsville-Unlimed

R2 of Top Model
Density-Independent Beverton-Holt
0.138
0.214
0.219
0.296
0.286
0.169
0.052
0.097
0.088
0.157

Ricker
0.329
0.355
0.441
0.229
0.317
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Figure Captions
Figure 1. The study area for this study consisted of 25 headwater streams in eastern West Virginia. Of
these 25 streams, 17 were located on the Monongahela National Forest while the remaining eight were on
adjacent private lands.
Figure 2. Brook Trout stock and recruit abundance (mean and 95% confidence interval) collected as part
of a long-term Brook Trout monitoring program in eastern West Virginia. Data included in this figure
spanned 2003-2019. Figures 2a. and 2c. show stock and recruit data respectively averaged across stream
over the entire data set. Figures 2b. and 2d. depict stock and recruit data respectively, averaged across
year over the entire data set.
Figure 3. Brook Trout stock-recruitment patterns in the central Appalachian study streams best fit the
Ricker stock-recruitment model. This figure depicts the relationship between stock and recruit abundance
assuming all seasonal discharge values equal to their median. All data are centered and scaled thus a value
of one would equal one standard deviation above the mean and -1 would equal one standard deviation
below the mean. The Ricker stock recruitment model is defined by the equation 𝑅 = 𝑎𝑆𝑒 −𝑏𝑆 , where R
represents recruit density, S represents stock density, a is the density-independent parameter, and b is the
density-dependent parameter.
Figure 4. The stock-recruitment dynamics of the study Brook Trout populations were strengthened by the
inclusion of seasonal discharge parameters. Mean fall discharge exhibited the strongest effect on recruit
abundance. This relationship was negative. All other mean seasonal discharge parameters exhibited
importance influence of recruit abundance, but their relationships were weaker. Spring and winter
discharge exhibited positive effects on recruit abundance while summer discharge exhibited a weak
negative effect. All data were centered and scale such that a value of one would be one standard deviation
above the mean and a standard deviation of -1 would be one standard deviation below the mean.
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Abstract
Eastern Brook Trout Salvelinus fontinalis populations have historically been disturbed by
anthropogenic perturbations. As such, a means with which to quantify the ability of these populations to
respond and recover from these disturbances, their resilience, is of great interest to managers. One method
used for quantifying the resilience of a population is constructing population projection matrix models.
However, another approach that is more familiar to managers is yield per recruit modeling to assess
regulations and monitor populations through their vital rates. We combined these approaches for streamdwelling Brook Trout populations to evaluate the efficacy of yield per recruit models in describing
population resilience. We then evaluated environmental variables which could be affecting the resilience
of these populations. Yield per recruit models appear to be effective in describing a population’s
demographic compensation ability, or its ability to increase in abundance following a disturbance. The
compensatory ability of the study populations appears to be negatively associated with the drainage area
of the stream it inhabits and positively associated with the distance of that stream section to the
confluence with a mainstem stream. This study demonstrates the utility of yield per recruit-based metrics
in describing the compensatory capabilities of a population and the need to maintain connectivity between
populations.
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Introduction
Populations of organisms fluctuate over time due to natural and anthropogenic disturbances.
Resilience describes a population’s ability to respond to disturbances with changes in abundance
(Capdevila et al. 2020). Abundance changes can manifest as increases (amplification) or decreases
(attenuation) and the ability of a population to increase following a disturbance is known as compensation
and the ability to resist decreases is known as resistance (Capdevila et al. 2020). These transient dynamics
associated with resilience are commonly quantified using population projection matrix (PPM) models
which use population demographic parameters to evaluate long term population dynamics and stable
equilibria (Stott et al. 2011).
Population Projection Matrix models produce several metrics associated with resilience including
reactivity, maximum amplification, amplification inertia, first-step attenuation, maximum attenuation,
attenuation inertia, reactivity envelope, inertia envelope, damping ratio, and convergence time (Capdevila
et al. 2020). These metrics can be placed into categories based on the attribute they describe. Reactivity,
maximum amplification, and amplification inertia describe a population’s compensation ability, its ability
to increase in density to compensate for post-disturbance declines. First-step attenuation, maximum
attenuation, and attenuation inertia describe a population’s resistance or its short-term decrease in density
following a disturbance relative to the same population at stable growth. Reactivity and inertia envelope
are metrics that describe a population’s transient response to disturbance through changes in abundance.
Finally, recovery time and damping ratio describe how quickly a population returns to stable growth
following a disturbance.
When evaluating fisheries, harvest is often the disturbance of concern. Harvest is generally of
particular interest to fisheries managers since, for many species, the ultimate goal of management action
is to promote harvest of a stock at a level that is sustainable over a measured period of time. A key tool
used by fisheries managers to model the effects of harvest on population dynamics is the yield per recruit
(YPR) model (Beverton and Holt 1957). This model helps to predict expected yield of a stock at different
exploitation thresholds based on the dynamic rates functions of the population (Beverton and Holt 1957).
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While exploitation is generally the form of mortality assumed by these models, it stands to reason that
any additional mortality (e.g. increased mortality due to climate change) on the population would have
similar effects on it. As such, these models may provide insight into the resilience of a population as well.
Since YPR models are much more widely understood and accessible to management biologists than PPM
models, establishing a relationship between YPR outputs and resilience metrics could provide a powerful
tool for management biologists in understanding population resilience. These relationships between YPR
metrics and population resilience have been explored in marine fisheries (Lowerre-Barbieri et al. 2017)
but similar studies are lacking in freshwater populations.
Brook Trout Salvelinus fontinalis are a salmonid species native to Eastern North America. Their
native range extends from Quebec in the north to Georgia in the south and west to Minnesota. Like other
salmonid species, Brook Trout prefer to occupy cold, clean streams with high alkalinity and canopy
cover, especially near the southern margins of their population (Budy et al. 2019). In Central and
Southern Appalachia, Brook Trout are largely restricted to high elevation headwaters (Petty et al. 2005;
Grossman et al. 2010). Historically, these populations have experienced widespread perturbation from
habitat degradation and fragmentation (Hudy et al. 2008; Poplar-Jeffers et al. 2009), stream acidification
(Jordahl and Benson 1987; Clayton et al. 1998; Petty and Thorne 2005; McClurg et al. 2007), overharvest
(Nuhfer and Alexander 1992; Hartman et al. 2019), and competition with stocked non-native salmonids
(Trego et al. 2019). Additionally, ongoing climatic shifts continue to threaten these already imperiled
populations (Flebbe et al. 2006). In the face of these disturbances, the evaluation of the resilience of
populations is of utmost importance. As such, we aimed to 1) assess the viability of YPR models as a
means of estimating population resilience as estimated using PPM models, and 2) investigate ecological
and environmental variables affecting resilience in Brook Trout populations.

Methods
Study Area and Data Collection
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Brook Trout data came from 25 headwater streams in eastern West Virginia (Figure 1). Of these
25 streams, 17 lie within the Monongahela National Forest while eight are on a privately owned
commercial forest tract near the national forest and largely used as private hunting leases. This region of
West Virginia is defined by high elevations and is dominated by maple/beech/birch and oak/hickory
forests, but some spruce/fir forests are also present (Morin et al. 2016). Study streams range in elevation
from 613 - 1155 meters, in drainage area from 1.7 - 18.7 km2 and in stream order from 1 - 3. Additionally,
sites are stratified into four geologic units with one unit having two different classes associated with pH
buffer treatments, resulting in a stratification across five geological classes.
Brook Trout data were collected using annual triple-pass depletion backpack electrofishing
surveys on three, 100-meter sections of each stream: downstream, middle, and upstream. Surveys were
conducted in the fall, during Brook Trout spawn and occurred annually from 2003 - 2019. Other species
commonly occurring in these streams include riffle daces Rhinichthys spp. and Mottled Sculpin Cottus
bairdi. Some streams also have sympatric populations of non-native Rainbow Trout Oncorhynchus
mykiss and Brown Trout Salmo trutta. All Brook Trout sampled were measured to the nearest mm and
weighed to the nearest 0.1 g. Body condition was for each Brook Trout was defined as the residual of that
fish from a length-weight regression created using all Brook Trout sampled over the period of the longterm dataset. Covariates were calculated from the Brook Trout data including mean age 0 density/100 m,
mean adult density/100 m, mean total density/100 m, mean adult condition, mean age 0 total length, mean
adult total length, total density coefficient of variation (CV), and age 0 density CV. The care and handling
of all fishes captured for this ongoing sampling is in accordance with protocols 15-0506 of West Virginia
University Animal Care and Use Committee.
Habitat data were collected using visual habitat survey protocols performed each summer during
low flow conditions. From 2003 – 2010, each stream was sampled every other year. From 2010 - 2019,
surveys were conducted annually on each stream. Fixed segments of each stream were hiked while
measuring distance traveled. Within each habitat unit encountered (i.e. riffle, run, pool), three transects
were randomly assigned. At each transect, wetted width and bankfull width were measured and three
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depth measurements were taken along the stream breadth. In each pool, instream cover and available
Brook Trout spawning area were estimated. Spawning area was defined as pea-sized (4 – 32 mm in
diameter) gravel within the tailouts of pools with sufficient depth to remain submerged under low water
conditions (>10 cm) (Hartman and Hakala 2006). In each twentieth unit, a pebble count was performed
where 10 pieces of substrate were randomly selected from the stream bed and measured for diameter of
the median axis. In each tenth unit, large woody debris was counted and categorized into one of seven
size categories based on the length (min = 1 m) and width (min = 5 cm) of the piece. Covariates
calculated from these data included number of habitat units, total pool area, mean maximum pool depth,
available spawning area, large woody debris density (per 100 m), and mean wetted width. Landscape
scale environmental variables were collected using ArcGIS and remotely sensed data. Landscape
covariates included drainage area, mean slope, mean elevation, stream order, distance to confluence
(distance from farthest downstream point in our sampling section to first confluence with a third order or
higher stream), and flow accumulation difference. To monitor stream temperature, HOBO Water
Temperature Pro v2 Data Loggers (ONSET) were deployed in the summer of 2011. Deployment dates
ranged from 5 May 2011 – 11 June 2011. Loggers were secured to cable attached to trees and were
weighted down using rocks. Temperature data were then retrieved in the fall of 2011 between 4
November 2011 and 2 December 2011. Loggers were then redeployed between 3 January and 22 August
2013 and retrieved between 18 December 2017 and 7 August 2018. Total deployment time ranged from
1965 to 2016 days. Water temperature was recorded every hour. Mean annual water temperature was then
calculated from hourly temperature data.
Model Parameterization
Brook Trout were placed into size classes using finite mixture models (Macdonald and Pitcher
1979) using the R package mixdist (Macdonald and Du 2018). These size classes were used as a proxy for
age in model construction. For these models, fish were assumed to only live to age 3 since Stolarski and
Hartman (2010) found fish in these same systems range from age 0 - 4 with fish only rarely surviving to
age 4. A finite mixture model was constructed for each stream-year combination. One population
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projection matrix model was constructed for each stream based on population dynamic parameters
calculated from the long-term dataset. Models were built using the R package popdemo (Stott et al. 2018).
Survival to succeeding age classes was calculated by following individual cohorts within each stream
through time. Survival was calculated as the density of a cohort in stream in a year divided by the density
of the same cohort in the previous size class in the previous year. This resulted in a total of 16 survival
estimates for each of the three age class transitions (0-1, 1-2, 2-3) for each of the 25 streams for a grand
total of 1200 survival estimates. In the rare case (18 of 1200 total survival estimates) when calculated
survival estimates were greater than one, they were removed. The mean value for each age transition
probability in each stream was used for the PPM model for that stream. Fecundity estimates were based
on the length-fecundity relationship in Wydoski and Cooper (1966) corrected for metric measurement.
The equation used was, log(𝐹) = 3.23 ∗ log(𝐿 𝑇 ) − 5.07, where F is fecundity and LT is the total length
of Brook Trout. Egg survival to young of the year was calculated for each cohort in each stream as the
density of young of the year Brook Trout in a year divided by the total number of eggs produced/ 300 m
based on summed fecundity estimates of age 2 and 3 Brook Trout sampled in a stream in the previous
year. For each stream, the mean of each parameter was taken across time and was then used for the
models. An example population projection matrix model framework can be found in Figure 2. Parameter
inputs for each stream are listed in Table 1.
Yield per recruit models were built for each stream in the Fisheries Analysis and Modeling
Simulator (FAMS). Individual weighted weight-length regressions were built for each stream and used all
fish with length and weight data sampled from that stream across the long-term dataset. Von Bertalanffy
growth curves for each stream used mean length at age data within an age class designation and a length
sampled in that stream across the long-term data. N0 was set to 1000 and the length of interest was the
mean size of a size class 0 (age 0) fish in that stream. The FAMS program estimates conditional natural
mortality using a suite of six estimators (Table 2). Conditional natural mortality was estimated using the
mean of all estimators within the program and a mean temperature from temperature logger data from
each stream. Conditional fishing mortality was stepped from 5% to 95% in 5% increments.
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Resilience Metrics
Metrics relating to demographic resilience were calculated from the PPM models following the
framework described in Capdevila et al. (2020). The equations used to calculate these metrics are found in
Table 3. Due to the number of individual metrics derived from PPM models, multimetric indices were
calculated from them (Raposa et al. 2016). To reduce collinearity of variables included in metric
calculation, correlation coefficients were calculated using a correlation analysis. Any metrics with an r ≥
|0.7| were not included together in an index (Zucchetta et al. 2020). When conflicts arose, metrics
associated with long-term displacement or those with more intuitive interpretations were selected. Indices
were produced for each of the attributes described by the metrics, compensation, resistance, transient
envelope, and recovery time as well as an overall resilience index including metrics across the attributes.
Methodology for calculating these indices was similar to those used in Gerritsen et al. (2000). Equations
used to calculate standardized metric scores are listed in Table 4. When only one metric was used for an
index, the standardized value was still used to ensure a positive relationship between the metric and the
resilience of the population. Pertinent metric scores were then averaged to produce a multimetric index
for each attribute. For YPR models, optimum fishing mortality rate (Fopt) was used as the metric for
resilience (Figure 3). This value, the inflection point of yield when plotted as a function of fishing
mortality, represents the optimum rate of fishing to produce maximum yield. While this metric is
traditionally used to describe the effects of fishing mortality on a population, by setting a partial
recruitment to the fishery of 1.0 for all age classes of Brook Trout, we modeled the effects of any
stochastic mortality event above what would be observed under normal natural mortality such as mortality
resulting from an acute environmental disturbance. Fishing, or in our case mortality, in excess of this rate
risks the equivalent of growth overfishing the stock.
Data Analysis
To evaluate the relationship between Fopt and resilience indices, multimetric indices were
regressed with Fopt individually using Gaussian generalized liner models. Regressions were performed in
the R base stats package (R Core Team 2020). The models, along with an intercept-only model, were
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compared using Akaike Information Criterion corrected for small sample sizes (AICc). Models with a
∆AICc<2 were averaged, accounting for shrinkage. Model averaging was performed in package
AICcmodavg in program R (Mazerolle 2020).
Habitat, landscape, and population level covariates were checked for normality using a ShapiroWilks test. Any variables that were not normally distributed were log transformed. Collinearity between
predictor variables was evaluated using VIF. Any variables with a VIF > 10 were not used in the same
model (Vittinghoff et al. 2011). Optimum fishing mortality was then regressed with habitat, landscape,
and population covariates using generalized linear models (R Core Team 2020). Three candidate sets
were created based on covariate class (habitat, landscape, and population). Candidate models were created
based on a priori hypotheses. Models were again compared using AICc in package AICcmodavg
(Mazerolle 2020). Models with ∆AICc<2 were averaged, accounting for shrinkage.

Results
Collinearity (r ≥ |0.7|) was detected between many of the resilience metrics calculated from the
PPM models. Reactivity, amplification inertia, maximum amplification, reactivity envelope, and inertia
envelope formed a group of collinear metrics. Two other groups of collinear metrics were also detected
and included first-step attenuation, maximum attenuation, and attenuation inertia: and damping ratio and
convergence time. Amplification inertia, attenuation inertia, and convergence time were chosen from each
of these groups for index calculation. Metrics included in the resilience metric thus included amplification
inertia, attenuation inertia, and convergence time. The index of compensation included only amplification
inertia, resistance included only attenuation inertia, transient envelope included only inertia envelope, and
recovery time included only convergence time.
The means (± 95% CI) across stream for the indices derived from PPM models for overall
resilience, compensation, resistance, transient envelope, and recovery time were 90.9 (± 3.6), 97.2 (± 0.8),
79.8 (± 10.4), 90.2 (± 3.0) and 96.3 (± 1.9), respectively. Mean (± 95% CI) Fopt derived from YPR models
was 46.4% (± 1.5). Habitat level covariates that were not normally distributed and were log transformed
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included total pool area and large woody debris density. The only landscape level covariate to be log
transformed was drainage area. Two population level covariates needed to be transformed, mean adult
condition and total density CV. Collinearity was not detected amongst any habitat or population level
covariates but was detected between young of the year density and total Brook Trout density. As such
these two variables were not applied in the same model.
Optimum fishing mortality was most strongly associated with the compensation index (β = 0.81,
R2 = 0.20) (Figure 4a). One other model had a ∆AICc < 2 and was thus interpretable along with the
compensation model. This model contained the transient envelope index (β = 0.21, R2 = 0.19) (Figure 4b).
No other models had a ∆AICc less than two (Table 5). Since no model contained overlapping covariates,
no model averaging was performed.
Habitat level variables were not adequate predictors of Fopt as the intercept only model was the
top performing model in the candidate set (Table 6a). Among habitat variables though, large woody
debris density per 100 m performed the best and had a ∆AICc of 1.0 from the intercept only model (β =
1.50, R2 = 0.06). Landscape level variables did perform well in models predicting Fopt. The model
containing log transformed drainage area and distance to confluence was the top model in the candidate
set (R2 = 0.30) (Table 6b). No other models were within a ∆AICc value of 2 from the top model so only
the top model was interpreted. Log transformed drainage area had a negative relationship (β = -3.44)
(Figure 5a) while distance to confluence had a positive relationship (β = 0.01) (Figure 5b) with Fopt.
Population variables also performed well in predicting Fopt. The model containing only mean young of the
year density was the top performing model in the candidate set. The penultimate model also performed
well with a ∆AICc of 1.10 and solely contained overall density (Table 6c). Both mean young of the year
(β = -0.12, R2 = 0.29) (Figure 5c) and mean overall densities (β = -0.06, R2 = 0.25) (Figure 5d) had
negative relationships with Fopt.
When the compensation index was regressed with the same environmental variables, models
containing habitat level covariates performed well in predicting the index (Table 7b). The model
containing pool area (m2) was the top performing model in the set. Its relationship with the compensation
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index was positive (β = 1.10, R2 = 0.19) (Figure 6a). The only other model with a ∆AICc < 2 from the top
model contained number of habitat units which also had a positive relationship (β = 0.07, R2 = 0.17)
(Figure 6b). When landscape level covariates were regressed with compensation index, top models were
within ∆AICc of 2 from the intercept only model (Table 7b) so further interpretation of these variables
was not pursued. Population scale covariates also performed adequately in predicting compensation index
(Table 7b). The top model in the population scale set contained mean age 0 Brook Trout total length and
had a positive relationship with compensation index (β = 0.16, R2 = 0.19) (Figure 6c). Other models with
a ∆AICc < 2 from the top model contained age 0 Brook Trout mean abundance (β = -0.04, R2 = 0.13)
(Figure 6d) and mean adult Brook Trout total length (β = 0.05, R2 = 0.13) (Figure 6e), which had a
negative and positive relationship with compensation index respectively.
All other resilience indices [overall resilience (Table 7a), resistance (Table 7c), transient envelope
(Table 7d), and recovery time (Table 7e)] were also regressed with the same environmental covariates.
Coefficients associated with top performing covariates for each of these indices can be found in Table 8.
Overall resilience was best predicted by elevation (β = -0.03), flow accumulation difference (β = 0.47),
and mean age 0 total length (β = 0.74). The same variables performed best when predicting resistance
index [elevation (β = -0.07), flow accumulation difference (β = 2.07), and mean age 0 total length (β =
2.06)]. Mean age 0 length was the only covariate that performed adequately in predicting transient
envelope index (β = 0.63). Finally, recovery time had the most covariates that performed well with three
habitat scale, two landscape scale, and three population scale covariates. Habitat covariates included pool
area (β = 3.37), mean wetted width (β = -3.37), and maximum pool depth (β = 0.51). Landscape scale
covariates included drainage area (β = 3.97) and non-native trout presence (β = -2.42). Lastly, population
scale covariates included mean adult abundance (β = 0.28), mean adult condition (β = -1.61), and mean
total abundance (β = 0.03).

Discussion
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Brook Trout populations in the study streams appear to be fairly resilient to short term
disturbance. In most of the study streams, nearly half of the total population could be removed before
negative impacts would result. Our Fopt thresholds fall into the range of some other studies conducted on
salmonids. Cox and Walters (2002) calculated an optimal exploitation rate of between 33% and 56% for
lake dwelling Rainbow Trout. This is likely due to the fast growth and reproduction of these populations.
Stolarski and Hartman (2010) found that Brook Trout populations within the same region as this study
were dominated by fish less than three years in age with fish rarely reaching age four. Within the study
streams, individuals are commonly reproductively mature beginning at approximately 125 mm TL,
generally within size class one in our study. While fast growth and reproduction has been traditionally
seen as a positive factor influencing resilience, coupled with stochastic environments and fishing
pressure, faster growing populations may be more sensitive to mortality (Pinsky and Byler 2015). Since
Brook Trout within our study systems have been found to be potentially sensitive to harvest (Hartman et
al. 2019), intense fishing pressure in stochastic stream environments may make these populations less
resilient than they would appear based on demographic derived metrics.
Environmental factors can affect the vital rates of a stream dwelling Brook Trout population in
many ways. Letcher et al. (2015) modeled the effects of environmental change on Brook Trout
demographics and found a strong impact of low flows and high temperatures during the summer on
growth and survival. Winter precipitation and young of the year recruitment have been shown to be
negatively related in stream Brook Trout populations (Kanno et al. 2015). When modeling habitat
degradation in response to climate change, Carlson et al. (2017) suggested that streams with higher
baseflow (i.e. spring-fed streams) were at less risk. Drainage area, a proxy for stream size, was the best
performing variable in our study. Higher summer temperatures and winter flows in these larger streams
may be resulting in naturally lower survival and recruitment in these streams than smaller streams. Within
our study streams, environmental conditions that resulted in mortality events exceeding Fopt have been
observed. Hakala and Hartman (2004) observed reductions of 60% of adult Brook Trout and 67% of
YOY the following year, following extreme drought conditions in 1999. Another extended drought
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occurred from May 29, 2007 – March 4, 2008 (United States Drought Monitor 2021) and caused
widespread recruitment failure of the 2009 year class within the study streams (Andrew 2018).
Additionally, Andrew (2018) observed a positive correlation between Age 0 density and Palmer Z, an
index that describes drought severity, in the previous fall. Andrew et al. (in review) evaluated climate
trends over the previous five decades within our study streams. They suggested that temperature has been
increasing and becoming less variable year to year while precipitation has also been increasing but
becoming more variable year to year. These trends point to an increased probability of hot, drought
conditions in the summer/fall or high winter precipitation in a given year, both being conditions that are
not conducive to high Brook Trout growth and survival (Hakala and Hartman 2004; Kanno et al. 2016).
Compensation has been shown to be a key factor in driving the stability of isolated populations in
a variety of taxa from plants (Dibner et al. 2019) to invertebrates (Liao et al. 2015) and vertebrates
(McGowan et al. 2011). Brook Trout within headwater stream systems display a variety of movement
behaviors. In Colorado streams, approximately 60% of Brook Trout moved at least 50 m with some fish
moving over 1000 m, but most fish moving less than 500 m (Gowan and Fausch 1996). Hartman and
Logan (2010) found the average Brook Trout home range to be 450 m in two streams within our study
area. In other West Virginia stream systems, Brook Trout exhibited long range movements (mean 63 m/d)
in mainstems, especially during the summer, but little movement (5.6 m/d) in tributaries (Petty et al.
2012). Within our study sections, distance to the confluence with a mainstem stream ranged from 30 –
3800 m with an average of 792 m. Given this range of distances, our study streams likely exist on a
spectrum of isolation with some streams being highly connected to neighboring populations while
migration has little to no effect on others. Since high demographic compensation rates may be a necessity
for the persistence of more isolated populations, the resulting metrics associated with this attribute are
likely naturally higher than more connected streams. Letcher et al. (2007) observed a tendency of isolated
populations toward smaller body sizes, higher juvenile survival, and faster generation times. These traits
could explain the negative relationship between Brook Trout abundance and Fopt we observed in our data
given that smaller, isolated populations would exhibit traits associated with faster population turnover.
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Migration though was not directly evaluated in this study. Emigration events that would have occurred
within our data would have manifested as increased mortality, while immigration events would manifest
as increased survival. Andrew (2018) presented evidence of source/sink dynamics within our study
streams. Other Brook Trout populations within central Appalachia have been found to exhibit movement
behaviors to facilitate supplemental foraging (Huntsman et al. 2016) and in response to the thermal
environment (Petty et al. 2012). The extent of migration occurring in our study systems though remains
unknown. Future studies evaluating this could help to improve these models.
While isolation may result in increased compensatory capability, the risk of localized and system
wide extinction also increases with isolation and fragmentation (Sjögren 1991; Letcher et al. 2007).
Elevated compensation in a population may be a symptom of reduced connectivity. While these
populations may be more resilient to disturbance, without connectivity, an extinction event cannot be
overcome through the rescue effect (van Schmidt and Beissinger 2020). Additionally, barriers to
movement can result in reduced genetic diversity in stream dwelling salmonids (Wofford et al. 2005; van
Leeuwen et al. 2018). Reduced genetic diversity may limit a population’s ability to adapt to
environmental change, reducing the probability of its persistence (Lande and Shannon 1996). As such,
maintaining existing movement corridors and remediating corridors that have been degraded is key to
maintaining population persistence of stream fishes (Roberts and Angermeier 2007).
The amount of pool habitat available in a stream was also linked to compensation in our dataset.
Pool habitats generally represent higher quality habitat for Brook Trout, especially in small, headwater
stream systems. In central Appalachian streams, Brook Trout have been found to prefer pool habitats,
specifically deeper, higher velocity pools with nearby cover (Hansbarger et al. 2008; Hartman and Logan
2010). Simulation modeling has found that habitat quality results in higher resilience, especially in
specialist species (Ye et al. 2013). Additionally, the resilience of fish assemblages has been linked to
habitat complexity in stream systems (Pearsons et al. 1992). In salmonids, habitat complexity has been
found to reduce weight loss in early winter, as feeding stops (Koljonen et al. 2012). When populations
exist sympatrically, habitat complexity has been found to mitigate the negative effects of non-native
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salmonids on native salmonid populations (Hasegawa and Maekawa 2008). As such, focusing
management efforts on maintaining habitat quality and complexity could allow populations to remain
resilient to perturbations.
By demonstrating a significant relationship with PPM based resilience metrics, yield per recruit
modeling has shown potential utility in describing the resilience of Brook Trout populations. The optimal
fishing mortality calculated from YPR modeling could act as a proxy for PPM compensatory ability of a
population. Since YPR models are more widely used by fisheries managers than PPM models, this
relationship can help guide management actions. Demographic compensation has been linked to a
population’s ability to recover from pathogen related disturbance (Rogowski et al. 2020). Doak and
Morris (2010) found that demographic compensation buffered the impacts of climate change, at least
temporarily slowing range shifts in populations. In an endangered species, McGowan et al. (2011)
suggested that compensation was the only mechanism that could reduce the effect of incidental take.
Additionally, the compensatory capability of an introduced population has been linked to its ability to
become invasive (Jelbert et al. 2019). Given the relationship observed between YPR and compensation,
this metric could be used as a proxy in studies aimed at evaluating these topics.
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Tables
Table 1. Parameter inputs and standard deviation used for population projection matrix models for each
stream that is a part of the long-term Brook Trout monitoring project. The parameters represented with an
S except for Segg are survival estimates based on following cohorts over time. Egg survival (Segg) is the
survival probability of eggs to the young of the year stage. Two fecundity estimates are represented by F,
and are the mean fecundity of Brook Trout at age 2 and 3 respectively.
Stream
Big Run
Birch Fork
Block Run
Brushy Run
Clubhouse Run
Crooked Fork
Elklick Run
Elleber Run
Lick Run
Light Run
Little Branch
Little Low Place
Long Run (Middle Fork)
Long Run (Seneca)
North Fork Panther Run
North Fork Red Run
Panther Run
Poca Run
Roaring Creek
Rocky Run
Sand/Red Run
Schoolcraft Run
Seneca Creek
Sugar Drain
Whites Run

SYOY (SD)
0.42 (0.24)
0.47 (0.27)
0.47 (0.43)
0.50 (0.20)
0.43 (0.26)
0.40 (0.31)
0.40 (0.24)
0.44 (0.22)
0.31 (0.22)
0.20 (0.13)
0.42 (0.20)
0.59 (0.25)
0.27 (0.15)
0.16 (0.18)
0.27 (0.27)
0.44 (0.32)
0.38 (0.31)
0.39 (0.26)
0.49 (0.23)
0.37 (0.24)
0.38 (0.26)
0.40 (0.24)
0.39 (0.28)
0.44 (0.24)
0.43 (0.16)

S1 (SD)
0.34 (0.28)
0.30 (0.20)
0.39 (0.26)
0.31 (0.21)
0.23 (0.25)
0.36 (0.57)
0.36 (0.22)
0.30 (0.22)
0.35 (0.21)
0.33 (0.27)
0.31 (0.23)
0.32 (0.23)
0.24 (0.16)
0.22 (0.24)
0.30 (0.18)
0.49 (0.26)
0.45 (0.20)
0.25 (0.25)
0.34 (0.30)
0.31 (0.16)
0.21 (0.19)
0.35 (0.16)
0.28 (0.24)
0.25 (0.15)
0.45 (0.19)

S2 (SD)
0.19 (0.18)
0.25 (0.22)
0.18 (0.17)
0.23 (0.20)
0.19 (0.25)
0.08 (0.11)
0.29 (0.19)
0.13 (0.16)
0.05 (0.18)
0.15 (0.25)
0.07 (0.11)
0.18 (0.23)
0.09 (0.15)
0.15 (0.21)
0.05 (0.14)
0.10 (0.07)
0.18 (0.24)
0.03 (0.08)
0.18 (0.15)
0.09 (0.11)
0.08 (0.19)
0.05 (0.14)
0.04 (0.11)
0.13 (0.23)
0.19 (0.15)

Segg (SD)
0.06 (0.05)
0.08 (0.10)
0.09 (0.19)
0.02 (0.02)
0.08 (0.05)
0.09 (0.17)
0.02 (0.01)
0.06 (0.06)
0.08 (0.12)
0.06 (0.08)
0.07 (0.05)
0.07 (0.13)
0.04 (0.04)
0.02 (0.02)
0.05 (0.06)
0.02 (0.03)
0.05 (0.07)
0.04 (0.05)
0.03 (0.03)
0.04 (0.06)
0.09 (0.07)
0.04 (0.07)
0.03 (0.02)
0.07 (0.06)
0.04 (0.05)

F2 (SD)
132.40 (43.61)
139.03 (35.06)
156.80 (49.55)
219.99 (97.60)
113.99 (34.37)
164.92 (92.57)
188.77 (76.10)
126.80 (42.63)
139.15 (70.20)
132.68 (37.00)
102.33 (23.02)
144.58 (0.58)
188.01 (87.25)
173.04 (76.61)
136.34 (51.88)
163.66 (45.02)
141.53 (38.92)
141.35 (41.20)
214.12 (79.77)
150.19 (45.84)
110.68 (33.81)
174.43 (50.76)
138.20 (47.05)
134.86 (40.26)
160.57 (51.05)

F3 (SD)
204.21 (64.24)
222.83 (56.51)
375.66 (115.50)
399.81 (125.27)
213.97 (6.07)
343.03 (201.14)
382.65 (79.83)
433.94 (188.41)
159.66 (8.15)
326.44 (169.48)
161.11 (12.01)
409.06 (139.88)
325.98 (57.14)
399.69 (122.91)
180.64 (15.14)
347.82 (71.68)
315.26 (62.45)
267.30 (90.89)
489.05 (77.58)
301.65 (42.10)
213.50 (8.03)
320.46 (26.47)
251.44 (118.12)
277.29 (17.24)
492.79 (330.33)
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Table 2. Table of natural mortality estimators used in FAMS. For the equations, M represents natural
mortality, ti, tf, and tmax represent initial, final, and maximum ages respectively, K is the Brody growth
coefficient, WT is the weight of the fish in g, L∞ is the theoretical maximum length, TEMP is the average
annual water temperature, and Ps is proportion of the population that survives to tmax.
Estimator

Equation

Chen and Watanabe (1989)

M(ti to tf) = (1/tf-ti)*ln(eK*tf-eK*to)/(eK*ti-eK*to)

Peterson and Wroblewski (1984)

M = 1.92*(WT-0.25)

Hoenig (1983)
Jensen (1996)
(Pauly 1980)

ln(M) = 1.46-1.01*ln(tmax)
M = 1.50*K
log10(M) = -0.00660.279*log10(L∞)+0.643*log10(K)+0.4634*log10(TEMP)

Quinn and Deriso (1999)

M = -ln(Ps)/tmax
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Table 3. Calculation of resilience metrics as recommended by Capdevila et al. (2020). Each metric was
calculated using population projection matrix models for each of the 25 headwater streams sampled.
Resilience Attribute
Compensation

Metric
Reactivity

Calculation
̂‖
𝜌̅1 = ‖𝐀
1

Max Amplification

̂𝑡 ‖ )
𝜌̅𝑚𝑎𝑥 = max (‖𝐀
1
𝑡>0
𝑣𝑚𝑎𝑥 ‖𝑤‖1
𝜌̅∞ =
𝑣 T𝑤
̂)
𝜌1 = 𝑚𝑖𝑛𝐶𝑆(𝐀

Amplification Inertia
Resistance

First-Step Attenuation
Max Attenuation

Damping Ratio

̂𝑡 ))
𝜌𝑚𝑖𝑛 = min (𝑚𝑖𝑛𝐶𝑆(𝐀
𝑡>0
𝑣𝑚𝑖𝑛 ‖𝑤‖1
𝜌∞ =
𝑣 T𝑤
̂ ‖ /𝑚𝑖𝑛𝐶𝑆(𝐀
̂)
‖A
1
𝑣𝑚𝑎𝑥 ‖𝑤‖1 𝑣𝑚𝑖𝑛 ‖𝑤‖1
/
𝑣 T𝑤
𝑣 T𝑤
𝜌 = 𝜆1 /‖𝜆2 ‖

Convergence Time

𝑡𝑥 = log(𝜌)/ log(𝑥)

Attenuation Inertia
Transient Envelope

Reactivity Envelope
Inertia Envelope

Recovery Time

A = the population matrix model
Â = the standardized matrix population model, calculated as A/λmax
λmax = the dominant eigenvalue of A
w = the dominant right eigenvector, the stable demographic structure of A
v = the dominant left eigenvector, the reproductive value vector of A
minCS = the minimum column sum of the matrix
ρ = the transient bounds or damping ratio when distinguished with an overbar (amplification) or underbar
(attenuation)
Subscripts associated with ρ represent timeframe of a study. 1 indicates the first-step, max and min are
maximum and minimum amplication and attenuation, and ∞ is inertia.
λ1 = the dominant eigenvalue
λ2 = the largest subdominant eigenvalue
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Table 4. Resilience metrics derived from population projection matrix models. Metrics were standardized
and summed to create multimetric indices associated with total resilience, and each attribute.
Metric

Attribute

Reactivity

Compensation

Direction of
Relationship with
Resilience
Negative

Max Amplification

Compensation

Negative

Amplification Inertia

Compensation

Negative

First-Step Attenuation
Max Attenuation
Attenuation Inertia
Reactivity Envelope

Resistance
Resistance
Resistance
Transient Envelope

Positive
Positive
Positive
Negative

Inertia Envelope

Transient Envelope

Negative

Damping Ratio
Convergence Time

Recovery Time
Recovery Time

Positive
Negative

Standardization Equation

Score=100*[(100-X)/(100X5)]
Score=100*[(100-X)/(100X5)]
Score=100*[(100-X)/(100X5)]
Score=100*(X/X95)
Score=100*(X/X95)
Score=100*(X/X95)
Score=100*[(100-X)/(100X5)]
Score=100*[(100-X)/(100X5)]
Score=100*(X/X95)
Score=100*[(100-X)/(100X5)]

X = the metric value
X5 = the 5th percentile value for the metric
X95 = the 95th percentile value for the metric
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Table 5. Comparison of models evaluating relationship between yield per recruit derived optimum fishing
mortality and population projection matrix model derived multimetric indices. Models with a ∆AICc < 2
were model averaged.
Model Parameters
Compensation
Transient Envelope
Recovery Time
Intercept Only
Resistance
Overall Resilience

K
3
3
3
2
3
3

AICc
137.8
138.2
140.5
140.7
142.3
142.6

∆AICc
0.0
0.3
2.7
2.9
4.5
4.8

AICc
Weight
0.39
0.33
0.10
0.09
0.04
0.04

Cumulative
Weight
0.39
0.73
0.83
0.92
0.96
1.00

Log
Likelihood
-65.3
-65.5
-66.7
-68.1
-67.6
-67.7
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Table 6. Comparison of models evaluating relationship between yield per recruit derived optimum fishing
mortality and habitat (a), landscape (b), and population (c) scale covariates. Models were constructed
based on a priori hypotheses. Only the top five models are displayed. Models with a ∆AICc < 2 were
model averaged.
Model Parameters
a) Habitat Scale
Intercept Only
Large Woody Debris (/100m)
Habitat Units
Wetted Width
Max Pool Depth (cm)
b) Landscape Scale
Drainage Area (km2) +
Distance to Confluence (m)
Intercept Only
Drainage Area
Distance to Confluence
Stream Order
c) Population Scale
YOY Abundance
Total Abundance
YOY Abundance + YOY CV
Adult Abundance
Intercept Only

K

AICc

∆AICc

AICc
Weight

Cumulative
Weight

Log
Likelihood

2
3
3
3
3

140.7
141.7
143.2
143.2
143.3

0.0
1.0
2.5
2.5
2.6

0.31
0.19
0.09
0.09
0.09

0.31
0.50
0.59
0.67
0.76

-68.1
-67.3
-68.0
-68.0
-68.1

4

137.1

0.0

0.56

0.56

-63.5

2
3
3
4

140.7
141.1
141.6
142.8

3.6
4.0
4.5
5.8

0.09
0.08
0.06
0.03

0.65
0.73
0.78
0.82

-68.1
-67.0
-67.2
-66.4

3
3
4
3
2

134.9
136.0
137.7
139.8
140.7

0.0
1.1
2.9
5.0
5.8

0.47
0.27
0.11
0.04
0.03

0.47
0.74
0.85
0.89
0.92

-63.9
-64.4
-63.9
-66.3
-68.1
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Table 7. Comparison of models evaluating relationship between resilience indices derived from
population projection matrix models and habitat, landscape, and population scale covariates. Indices
represent a population’s overall resilience (a), compensation (b), resistance (c), transient envelope (d), and
recovery time (e). Models were constructed based on a priori hypotheses. Only the top five models are
displayed, unless more than five models were within ∆AICc of 2 from the top model. If so, all models
with ∆AICc<2 are displayed. Models with a ∆AICc < 2 were model averaged.
a. Resilience Index
Parameters
Habitat Scale
Intercept Only
Wetted Width
Wetted Width + Spawning Area
Spawning Area
Pool Area
Landscape Scale
Elevation
Elevation + Flow Accumulation
Difference
Elevation + Distance to Confluence
Intercept Only
Flow Accumulation Difference
Population Scale
Mean YOY Total length
Intercept Only
Mean Adult Total length
Adult Abundance
Adult Condition

Parameters
Habitat Scale
Pool Area
Habitat Units
Max Pool Depth
Wetted Width
Spawning Area
Landscape Scale
Elevation
Elevation + Flow Accumulation
Difference
Elevation + Distance to Confluence
Distance to Confluence

K

AICc

∆AICc

AICc
Weight

Cumulative
Log
Weight
Likelihood

2
3
4
3
3

185.0
185.7
186.5
186.9
187.1

0.0
0.7
1.6
1.9
2.1

0.23
0.16
0.11
0.09
0.08

0.23
0.40
0.50
0.59
0.67

-90.21
-89.26
-88.27
-89.87
-89.95

3

180.0

0.0

0.50

0.50

-86.45

4
4
2
3

181.9
182.3
185.0
186.7

1.9
2.3
4.9
6.7

0.19
0.16
0.04
0.02

0.70
0.86
0.90
0.92

-85.97
-86.17
-90.21
-89.78

3
181.8
0.0
2
185.0
3.2
3
186.7
4.9
3
187.0
5.2
3
187.3
5.5
b. Compensation Index

0.58
0.12
0.05
0.04
0.04

0.58
0.70
0.75
0.79
0.83

-87.33
-90.21
-89.76
-89.90
-90.07

K

AICc

∆AICc

AICc
Weight

Cumulative
Log
Weight
Likelihood

3
3
3
3
3

107.7
108.3
110.0
110.1
110.2

0.0
0.7
2.4
2.4
2.6

0.29
0.21
0.09
0.09
0.08

0.29
0.51
0.59
0.68
0.76

-50.25
-50.58
-51.45
-51.45
-51.55

3

108.4

0.0

0.22

0.22

-50.61

4
4
3

108.9
109.2
110.1

0.6
0.8
1.8

0.17
0.15
0.09

0.39
0.54
0.63

-49.46
-49.60
-51.49
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Intercept Only
Population Scale
Mean YOY Total Length
YOY Abundance
Mean Adult Total Length
Intercept Only
Total Abundance

Parameters
Habitat Scale
Intercept Only
Wetted Width
Pool Area
Wetted Width + Spawning Area
Spawning Area
Wetted Width + Max Pool Depth
Landscape Scale
Elevation
Elevation + Flow Accumulation
Difference
Elevation + Distance to Confluence
Intercept Only
Flow Accumulation Difference
Population Scale
Mean YOY Total Length
Intercept Only
Adult Condition
Mean Adult Total Length
Abundance CV

Parameters
Habitat Scale
Habitat Units
Pool Area
Intercept Only
Wetted Width
Max Pool Depth
Landscape Scale
Slope
Intercept Only
Elevation

2

110.3

1.9

0.08

0.71

-52.87

3
107.7
0.0
3
109.3
1.6
3
109.3
1.7
2
110.3
2.6
3
111.0
3.3
c. Resistance Index

0.34
0.15
0.15
0.09
0.07

0.34
0.50
0.65
0.74
0.81

-50.27
-51.08
-51.10
-52.87
-51.93

K

AICc

∆AICc

AICc
Weight

2
3
3
4
3
4

238.2
239.0
239.3
239.6
239.9
240.1

0.0
0.8
1.1
1.4
1.7
1.9

0.21
0.14
0.12
0.10
0.09
0.08

0.21
0.35
0.47
0.58
0.67
0.75

-116.82
-115.92
-116.06
-114.78
-116.39
-115.04

3

235.3

0.0

0.38

0.38

-114.09

4
4
2
3

236.7
237.6
238.2
239.4

1.3
2.2
2.9
4.1

0.19
0.12
0.09
0.05

0.57
0.70
0.79
0.84

-113.33
-113.77
-116.82
-116.13

0.53
0.14
0.05
0.04
0.04

0.53
0.67
0.72
0.76
0.81

-114.19
-116.82
-116.58
-116.70
-116.73

3
235.5
0.0
2
238.2
2.7
3
240.3
4.8
3
240.6
5.0
3
240.6
5.1
d. Transient Envelope Index

Cumulative
Log
Weight
Likelihood

K

AICc

∆AICc

AICc
Weight

Cumulative
Log
Weight
Likelihood

3
3
2
3
3

173.7
174.2
175.5
175.5
175.9

0.0
0.6
1.9
1.9
2.3

0.29
0.50
0.61
0.73
0.82

0.29
0.50
0.61
0.73
0.82

-83.25
-83.55
-85.49
-84.19
-84.38

3
2
3

175.1
175.5
175.9

0.0
0.4
0.7

0.16
0.14
0.11

0.16
0.30
0.41

-84.00
-85.49
-84.37
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Flow Accumulation Difference
Distance to Confluence
Drainage Area
Elevation + Flow Accumulation
Difference
Population Scale
Mean YOY Total Length
Mean Adult Total Length
Adult Condition
Intercept Only
Adult Abundance + Adult Condition

Parameters
Habitat Scale
Pool Area
Wetted Width + Max Pool Depth
Habitat Units
Wetted Width + Max Pool Depth +
Spawning Area
Max Pool Depth
Landscape Scale
Drainage Area + Non-Native Trout
Presence
Drainage Area
Drainage Area + Distance to Confluence
Drainage Area + Flow Accumulation
Difference
Non-Native Trout Presence
Population Scale
Adult Abundance
Adult Abundance + Adult Condition
Total Abundance
Adult Abundance + Abundance CV
YOY Abundance

3
3
3

176.2
176.3
176.5

1.1
1.2
1.4

0.09
0.09
0.08

0.51
0.60
0.68

-84.54
-84.58
-84.68

4

176.5

1.4

0.08

0.76

-83.26

3
172.1
0.0
3
174.8
2.8
3
175.0
2.9
2
175.5
3.4
4
175.7
3.6
e. Recovery Time Index

0.46
0.12
0.11
0.08
0.08

0.46
0.58
0.68
0.77
0.84

-82.47
-83.85
-83.93
-85.49
-82.85

K

AICc

∆AICc

AICc
Weight

Cumulative
Log
Weight
Likelihood

3
4
3

147.8
148.1
148.7

0.0
0.4
1.0

0.30
0.25
0.18

0.30
0.54
0.73

-70.30
-69.05
-70.78

5
3

149.9
150.6

2.1
2.8

0.10
0.07

0.83
0.90

-68.36
-71.70

4
3
4

146.0
147.6
149.5

0.0
1.6
3.5

0.53
0.24
0.01

0.53
0.77
0.86

-68.00
-70.22
-69.77

4
3

150.1
151.4

4.1
5.4

0.07
0.04

0.93
0.96

-70.06
-72.13

3
4
3
4
3

146.2
147.0
147.1
148.6
149.3

0.0
0.8
0.9
2.4
3.1

0.31
0.21
0.20
0.09
0.07

0.31
0.52
0.72
0.82
0.88

-69.54
-68.51
-69.98
-69.31
-71.09
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Table 8. Effect sizes for variables in top performing models regressing resilience indices derived from
population projection matrix models of central Appalachian headwater stream Brook Trout populations
with environmental and population covariates. All models with ∆AICc<2 were model averaged and effect
sizes are represented by model averaged coefficients.
Index
Resilience

Compensation

Resistance

Transient Envelope
Recovery Time

Scale

Variable

Effect Size

Landscape

Elevation

-0.029

Landscape

Flow Acc. Difference

0.465

Population

Avg. YOY Total Length

0.741

Habitat

Pool Area

1.103

Habitat

Habitat Units

0.071

Population

Avg. YOY Total Length

0.159

Population

YOY Abundance

-0.043

Population

Avg. Adult Total Length

0.132

Landscape

Elevation

-0.070

Landscape

Flow Acc. Difference

2.065

Population

Avg. YOY Total Length

2.062

Population

Avg. YOY Total Length

0.627

Habitat

Pool Area

3.243

Habitat

Wetted Width

-3.368

Habitat

Max Pool Depth

0.510

Habitat

Habitat Units

0.212

Landscape

Drainage Area

3.965

Landscape Non-Native Trout Presence

-2.420

Population

Adult Abundance

0.278

Population

Adult Condition

-1.605

Population

Total Abundance

0.031
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Figure Captions
Figure 1. Map of headwater streams sampled annually from 2003-2019. Each point represents the middle
shocking section within a study stream. Seventeen of the study streams are located on the Monongahela
National Forest while the remaining eight are on adjacent private land.
Figure 2. Population projection matrix model framework used to evaluate population resilience of
headwater brook trout populations. F represents age class based fecundity estimates calculated using
length-fecundity relationship from Wydoski and Cooper (1966), log(𝐹) = 3.23 ∗ log(𝐿 𝑇 ) − 5.07. LT
represents stream specific mean total length at age of Brook Trout sampled across the entire timespan
(2003 – 2019) of the long-term Brook Trout monitoring study. S represents survival of Brook Trout as
they transition between age classes. For example, SYOY represents the proportion of young of the year
(YOY) Brook Trout that will survive and transition to age 1. Survival was estimated by following cohorts
within a stream across time. Survival (Sage) was calculated by dividing the density/100 m of a cohort in a
𝐶𝑎𝑡𝑐ℎ1(𝑡)

year by the density/100 m of the same cohort in the previous year, e.g. (𝐶𝑎𝑡𝑐ℎ

0(𝑡−1)

). Egg survival (Segg)

was calculated by dividing estimated total population fecundity by the number of YOY caught in the
following year, (

𝐹𝑇𝑜𝑡(𝑡−1)
𝐶𝑎𝑡𝑐ℎ0(𝑡)

). Total population fecundity was calculated by taking the sum of the estimated

fecundity of all of the age 2 and 3 fish sampled in a stream in a year. Population projection matrix models
were executed using package popdemo in R (Stott et al. 2018).
Figure 3. Optimum fishing mortality (Fopt) represents the mortality rate at which yield is maximized.
Additional mortality above this rate, the population risks growth overfishing. This figure is based on an
example population.
Figure 4. Predicted values (± 95% CI) for the models a) Optimum Fishing Mortality (Fopt) ~
Compensation Index (β = 0.81, R2 = 0.20) and b) Optimum Fishing Mortality (Fopt) ~ Transient Envelope
Index (β = 0.21, R2 = 0.19). Optimum fishing mortality was derived from yield per recruit models of West
Virginia headwater Brook Trout populations and is expressed as the percentage of the population
removed. The compensation and transient envelope indices were derived from standardizing amplification
inertia and inertia envelope values respectively calculated with population projection matrix models from
the same populations. Note the difference in x axis range caused by differences in observed ranges of the
two indices.
Figure 5. Predicted values (± 95% CI) for covariates in top AICc performing models regressing yield per
recruit derived optimum fishing mortality of central Appalachian headwater Brook Trout populations with
habitat, landscape, and population scale covariates. Covariates in the top performing models included a)
drainage area (km2) (β = -3.4), b) distance to confluence (m) (β = 0.002), c) age 0 Brook Trout abundance
(β = -0.12), d) Brook Trout abundance (β = -0.06). Predictions are based on model averaged coefficients.
Figure 6. Predicted values (± 95% CI) for covariates in top AICc performing models regressing
population projection matrix model derived compensation index of central Appalachian headwater Brook
Trout populations with habitat, landscape, and population scale covariates. Covariates in the top
performing models included a) pool area (m2) (β = 1.10), b) number of habitat units (β = 0.07), c) mean
age 0 Brook Trout total length (β = 0.16), d) age 0 Brook Trout abundance (β = -0.04), and e) mean adult
Brook Trout total length (β = 0.05). Predictions are based on model averaged coefficients.
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Abstract
Mating systems can affect the life history patterns and evolutionary trajectory of a population. The life
history strategies employed by central Appalachian Brook Trout Salvelinus fontinalis are relatively
understudied though. Prior work has demonstrated evidence of migratory behavior between headwater
streams and mainstem supplemental foraging habitats, imparting a growth advantage to individuals which
utilize them. In order to better understand the life history strategies and mating systems used by central
Appalachian Brook Trout, we evaluated trends in long-term growth and sex ratio data. Simulation models
were then constructed to evaluate the persistence of migratory behavior under a suite of scenarios.
Parameters of migrator mortality (migration penalty), migrator spawning success (migration bonus), and
peripheral male spawning success (resident bonus) were manipulated to simulate the trade-offs of growth
and mortality on life history. Males were found to grow significantly faster than females and sex ratios
favored females at younger ages but shifted to more male dominated in older age groups. We predict a
system in which a polymorphic mix of resident and migrant males exist in a population along with mostly
resident females. A trade-off between growth (reproductive dominance) and mortality would act to
balance these life histories to maximize individual fitness. Maintaining this diversity in life history
strategies can improve population viability and buffer fluctuations in density. As such, management
should focus on maintenance and remediation of migratory corridors and mainstem foraging habitats to
allow life history diversity to persist into the future.
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Introduction
Reproduction is a fundamental process for all living organisms but is generally an energy
intensive endeavor. Sexual reproduction often requires time and energy allotment to activities such as
gamete production, courtship, mate selection, and intrasexual competition for mates. Mating systems
describe the processes through which mates are chosen, the number of mates obtained, the manner in
which they are obtained, and the parental care invested by each sex (Reynolds 1996). The mating system
employed by a population is a product of the environmental conditions it faces (Emlen and Oring 1977).
Factors such as resource distribution and level of temporal synchrony of mating act to affect the
environmental potential for polygamy of a habitat (Emlen and Oring 1977). When rates of polygamy in a
population are high, the variation in reproductive success of individuals is often also high leading to
strong sexual selection (Emlen and Oring 1977).
Reproductive life histories in salmonids are highly diverse due to the diversity of environments
that they inhabit as well as phylogeny (Hutchings and Morris 1985; Fleming and Reynolds 2004).
Anadromy and freshwater residency as well as semelparous and iteroparous strategies are exhibited by
different salmonid taxa (Hutchings and Morris 1985). Anadromy is best exemplified by species of the
genus Oncorhynchus, the Pacific salmons, many species of which make long distance oceanic migrations,
returning to freshwater to spawn (Hutchings and Morris 1985). Freshwater resident life histories can be
observed in many salmonid taxa but are displayed most prominently in Salvelinus spp. which contains
largely resident populations with some anadromous populations restricted to coastal or estuarine
migrations (Hutchings and Morris 1985). Semelparous and iteroparous reproductive strategies are tied to
the life history strategy, anadromous vs resident, used by a taxon (Fleming and Reynolds 2004).
Anadromous taxa tend to exhibit semelparous reproductive strategies, with some exceptions such as
Atlantic Salmon Salmo salar and Steelhead Salmon Oncorhynchus mykiss, due to the energetic costs of
long-distance migrations while resident taxa tend to use iteroparous strategies, regardless of their diverse
habitats and life history strategies (Fleming and Reynolds 2004).
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While the environments they inhabit and the life history strategies they employ are highly
diverse, most salmonids exhibit similar spawning strategies. In most populations, females construct one
or more redds in the gravel substrate of fast flowing streams (Eddy and Underhill 1978; Gallagher et al.
2007). Males generally only provide sperm and thus apart from intrasexual competition for mates, do not
provide any additional parental investment (de Gaudemar 1998). This in combination with asynchronous
female spawning and the small time investment for male reproduction (Schroder 1981) results in male
biased operational sex ratios (Quinn et al. 1996; Wedekind et al. 2013) and intense intrasexual
competition for mates among males (Weir et al. 2011). These attributes result in a high potential for
polygamy in most salmonid populations (Emlen and Oring 1977) with larger males achieving dominant
spawning positions over smaller males (Kitano 1996; Jacob et al. 2007). Smaller males will often attempt
to implement opportunistic sneaking tactics to achieve success in reproduction as a subdominant
individual (Aubin-Horth and Dodson 2004; Weir et al. 2016).
Brook Trout Salvelinus fontinalis have been found to exhibit diversity in the mating systems that
they employ. Brook trout exhibit an iteroparous reproductive strategy, with most individuals spawning
annually. Individuals in some populations may be anadromous, while others are composed entirely of
freshwater residents. In streams, preferred spawning habitats are small, high alkalinity, headwater streams
(Petty et al. 2005). In these systems, both-sex polygamy and low variation in reproductive success has
been hypothesized to help maintain genetic diversity in small populations (Kanno et al. 2011). Lake
dwelling populations have been observed to spawn near shore at sites with high rates of groundwater flow
(Ridgway and Blanchfield 1998). Polygyny has been observed in lake dwelling populations with large
males dominating the spawn and few males contributing to an individual brood (Blanchfield et al. 2003).
Kleptogamy has also been observed in Brook Trout as smaller peripheral males attempt to sneak
fertilizations when larger females spawn with dominant males (Blanchfield and Ridgway 1999). In
populations with sympatric anadromous and resident individuals, interbreeding has been observed
between the two life history forms, likely due to smaller, resident males acting as sneaker males
(Thériault et al. 2007).
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Life history diversity within a population or community can impart stability and resilience
through the portfolio effect (Figge 2004). Similar to concepts used by financial professionals, the
portfolio concept stresses the importance of diversity of assets (species, life history strategies, genes, etc.)
in the mitigation of risk (Figge 2004; Schindler et al. 2015). This concept has been studied many
salmonid populations. Variability has been shown to decrease and productivity increase in Sockeye
Salmon Oncorhynchus nerka populations with increased diversity in life history strategies and genetic
makeup (Schindler et al. 2010; Greene et al. 2010). The variability in abundance and biomass was also
reduced due to variation in life history strategies in Steelhead Salmon populations (Moore et al. 2014).
Anderson et al. (2015) found reduced climate change driven variability in salmonid metapopulations
when diversity in thermal tolerances was high. Since portfolio effects can play such an integral role in
population stability and persistence, understanding the diversity of a population can provide great benefits
to the biologists who manage it.
Mating systems and the reproductive life history strategies utilized by central Appalachian Brook
Trout have been hypothesized but not well studied. In central Appalachia, Brook Trout have been
observed to exhibit migrations from headwater streams into mainstems to access supplemental foraging
habitat and improve growth rate (Huntsman et al. 2016). Additionally, male Brook Trout have been found
to be more mobile than females in lotic systems (Hutchings and Gerber 2002). Since intrasexual
competition is generally very intense among male salmonids, could Brook Trout in central Appalachian
streams be exhibiting diverse life history strategies? Alternate strategies of migrating into supplemental
foraging habitats to achieve faster growth and remaining in headwater streams to achieve higher survival
could be present in these populations. Additionally, given the different selection pressures facing male
and female Brook Trout, are the life history strategies different between sexes? To evaluate these
questions, we used a long-term Brook Trout dataset and population simulation modeling techniques to
evaluate differences in growth and sex ratios in headwater Brook Trout populations and elucidate
potential demographic factors that would allow for persistence of different life history strategies.
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Methods
Study Area and Data Collection
Fish surveys consisting of triple-pass depletion backpack electrofishing were conducted annually
on three representative 100-meter sections of 25 headwater streams (stream order 1- 3) from 2003 – 2019.
Study sections spanned the length of the stream, so fish collected were considered representative of the
population within the stream as a whole. Surveys for this long-term monitoring study took place in the
fall, October – Early December. Of the 25 streams, 17 lie within the Monongahela National Forest while
eight are in adjacent private commercial forests primarily used as private hunting leases (Figure 1). The
streams generally flow through maple/beech/birch and oak/hickory forests, but some spruce/fir forests are
also present (Morin et al. 2016). Existing squarely within central Appalachia, this region is defined by
high elevation and the study streams range in elevation from 613 – 1155 m. Native, naturally reproducing
Brook Trout populations exist within all 25 streams and fish communities are generally limited, ranging
in richness from one – eight. Some sympatry with non-native trouts, Rainbow Trout Oncorhynchus
mykiss and Brown Trout Salmo trutta, does exist, with Rainbow Trout occurring in five streams and
Brown Trout in seven streams. Other common species present include Riffle Daces Rhinichthys spp. and
Mottled Sculpin Cottus bairdi. All trout sampled were weighed to the nearest tenth of a gram and total
length was measured to the nearest millimeter. Sex of age 1+ Brook Trout was identified visually based
on external characteristics such as body shape, head depth, color, and snout shape as described in Kazyak
et al. (2013). Additionally, to achieve a positive sex identification, gametes were attempted to be
expressed by lightly squeezing the belly. When sex identification was uncertain, no sex was recorded.
Non-trout species were identified to species, enumerated, and batch weights were recorded. The care and
handling of all fishes captured for this ongoing sampling is in accordance with protocols 15-0506 of West
Virginia University Animal Care and Use Committee.
Preliminary Data Analysis
Brook Trout age was estimated based on length frequency using finite mixture models
(Macdonald and Pitcher 1979) using the R package mixdist (Macdonald and Du 2018). Mean length at
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age was calculated across time and stream. For each stream, sex-based growth was assessed for Brook
Trout using von Bertalanffy curves. Differences in growth based on sex were evaluated using likelihood
ratio tests (Kimura 1980) performed using R package fishmethods (Nelson 2019). Environmental factors
associated with the probability of observing differences in growth (i.e. males growing faster than females)
was assessed using logistic regression. A suite of candidate models was created a priori and compared
using Akaike information criterion corrected for small sample sizes (AICc). Environmental factors tested
included distance to mainstem (m), drainage area (km2), geologic unit, mean wetted width (m), stream
order, flow accumulation difference, and elevation (m). Percent female was calculated for each age class
in each stream in each year. Chi square analysis was used to evaluated whether percent female in an age
differed significantly from 50%.
Simulation Models
Brook Trout population simulation models were constructed using Stella version 7.0 software.
Initial populations were set to 100 females in each age class and 100 males, evenly split between
migrators and residents, in each age class. Population dynamic parameters were calculated using data
collected as part of the long-term monitoring study. Total annual survival was calculated for each year in
each stream using a catch curve analysis. The mean and standard deviation of total annual mortality were
then calculated from these data. Survival from one age to the next was calculated by multiplying the
survival rate with the number of Brook Trout of that age in that year of the simulation. Densitydependence was not accounted for in these models. For the simulation models, stochasticity was added in
male survival by drawing a value randomly from a truncated normal distribution with a mean and
standard deviation of total annual mortality calculated across stream and a minimum of zero. Mean length
at age was estimated by sex for each stream year combination. The mean and standard deviation across
time and space were also calculated for these data. Age based egg production was then calculated using
mean length at age data based on the fecundity equation in Wydoski and Cooper (1966), corrected for
metric inputs. Stochasticity was added into egg production by drawing a length at age value from a
normal distribution with a mean and standard deviation calculated across stream. Number of young of the
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year produced by the various pools of eggs (migrator, resident, and female) was calculated by multiplying
the number of eggs in the egg pool with the egg survival rate (5%). Table 1 displays the constants and
equations used to calculate these parameters.
Scenarios were constructed based on adjusting the levels of three parameters of interest: migrator
mortality, proportion of migrators that successfully spawn, and proportion of peripheral males that
successfully spawn. These parameters were chosen to represent a migration penalty, migration bonus, and
resident bonus, respectively. Each of these three parameters were assigned three levels, high, medium,
and low. A scenario was then constructed for all pairwise combinations of these levels for a total of 27
scenarios. The levels of the first parameter of interest, migrator survival (migration penalty), were set to
0.25, 0.31, and 0.361 for the high, medium, and low levels, respectively. The low level, 0.361, was equal
to the mean total annual mortality calculated across the long-term dataset. In order to impart a penalty to
migratory behavior, the medium and low levels were set to be 0.5 and 1.0 standard deviations below the
mean respectively. The levels for proportion of migrators that successfully spawn (migration bonus) were
set to 1.0, 0.75, and 0.50. Migratory behavior has been linked to increased growth in similar stream
systems (Stolarski and Hartman 2010). Length has been found to have a variable influence on breeding
success of male Brook Trout ranging from the largest one to two males completely dominating a year’s
reproductive output (Blanchfield et al. 2003) to there being no strong evidence of size influencing
individual reproductive success in males (Thériault et al. 2007). The levels for proportion of peripheral
males, which were assumed to be resident, that successfully spawn (resident bonus) were set to 0.50, 0.37,
and 0, for the high, medium, and low levels respectively. To account for the variability in potential
influence of size on male reproductive success observed in previous studies, 0.50 was chosen as the low
level of migration bonus and the high level of peripheral male spawning success, creating a scenario in
which size has no influence on spawning success as observed by Thériault et al. (2007). To account for a
scenario in which size greatly effects spawning success (Blanchfield et al. 2003), we set the high level
migration bonus to 1.0 meaning all large males spawn successfully and we set the low level of peripheral
male spawning success to 0 meaning only large males spawn. The medium level for migration bonus was
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set to 0.75 to represent a more moderate influence of length on reproductive success. Additionally,
Blanchfield and Ridgway (1999) calculated that approximately 37% of peripheral males attempted to
spawn in a Canadian lake. As such 37% was assigned to the medium level for this parameter. Table 2
displays a summary of the parameters of interest and the values of each assigned to each level.
Some simplifying assumptions were made when constructing these models. Since the aim of this
study was to evaluate the effects of male migration on life history diversity, the first assumption made
was that males were the migratory sex and the females never migrate. Migratory behavior was assumed to
be passed genetically, that is, a male egg spawned by a migratory male would give rise to migratory
offspring. Recruitment from egg to young of the year was assumed to be equal between migrators and
residents. This constant was set to 5% of eggs surviving to young of the year since this value produced
stable populations over time. Finally, resident males were assumed to spawn as peripheral males at age 2
but become dominant males at age 3.
Stella models were then converted to R code using the program StellaR (Naimi and Voinov
2012). The R environment provided tools to allow for creating many stochastic iterations of the model.
Ten thousand iterations were run for each of the 27 scenarios. Models were set to run for a 100-year
timespan and output the proportion of the final year class that was made up of migrators.
For each scenario the mean of the percent of the final year class that was made up of migrators
was calculated. Summary statistics including mean, median, and the 5th and 95th percentiles were then
calculated for all the values of each parameter level at the end of all the scenarios. Interactions were
evaluated visually using interaction plots based on mean values for each parameter level.

Results
Significant differences were detected in growth rates between sexes and sex ratios among ages.
When comparing growth models across all streams, male Brook Trout in our study streams grew
significantly faster than females (p < 0.001) (Figure 2). Of the individual parameters, Linf (p < 0.001) and
K (p = 0.002) were significantly higher for males while no significant difference was observed in t 0 (p =
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0.152). Males grew significantly faster than females in 10 of the 25 study streams. Drainage area
performed the best at describing the probability of observing a growth difference (Figure 3) with no other
models having a ∆AICc < 2.0 (Table 3). Sex ratios differed significantly from 50/50 at age 1 (p < 0.001)
and age 3 (p = 0.028) but did not differ significantly at age 2 (p = 0.519) (Figure 4). Age 1 skewed toward
female dominated with a mean percent female of 60.7% while age 3 skewed toward male dominated with
a mean percent female of 34.1%.
Trends in mean proportion migrator in the final year class between parameter levels were found
across levels of all parameters of interest across all scenarios. Summary statistics for the proportion
migrator at the end of the simulations for each parameter can be found in Table 4. For migrator mortality
(migration penalty), proportion migrator decreased from low to high parameter level (Figure 5a). This
would suggest that even moderate levels of mortality of migrators will promote the persistence of resident
life histories. The opposite trend was found across levels of migrator spawning success (migration bonus)
with proportion migrator increasing as parameter level went from low to high (Figure 5b). Peripheral
male spawning success (resident bonus) exhibited a similar positive trend as was observed for migration
penalty (Figure 5c). The high level of this parameter though was the only level across all parameters to
not have a 95th percentile value of one suggesting it’s potential importance in maintaining life history
diversity. Interactions were most prominent between migrator mortality and migrator spawning success
(Figure 6a.) suggesting a potential trade-off between higher mortality and higher spawning success. No
prominent interactions were detected between peripheral male spawning and the other two parameters,
migrator mortality (Figure 6b.) and migrator spawning success (Figure 6c.). This would suggest that
peripheral male spawning allows for the persistence of resident life histories regardless of the success of
migratory life histories.

Discussion
Our simulations show a trade-off between growth and mortality exists for males in our study
streams based on migratory behavior. If the ability of males to successfully reproduce is high enough,
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some level of decreased survival can be overcome. Growth can affect survival in many ways, both
physiologically and ecologically. Fast growth can result in developmental costs resulting in decreased
survival (Fenchel 1974; Arendt and Wilson 2000). Ecologically, increased growth can often be associated
with longer or riskier foraging, resulting in higher rates of predation or mortality (Holtby and Healey
1990; Biro et al. 2004). In a lotic Canadian Brook Trout population, no growth-mortality trade-off was
observed but the authors speculated that the presence of such a trade-off may vary throughout the species
range (Hutchings 2006). Such a trade-off may be affecting life history strategies in our study streams.
Male Brook Trout in our study streams exhibited faster growth than females and appeared at a
lower frequency in smaller age classes than did females. This relationship was largely related to drainage
area, with smaller watersheds displaying a higher probability of greater male growth than larger
watersheds. Additionally, ration data suggests that during the spring, when Brook Trout growth is fastest,
consumption rate increases with drainage size over the range observed in our study streams (Utz and
Hartman 2006). Since supplemental foraging in mainstem streams has been linked to faster growth
(Huntsman et al. 2016), this may suggest that young males are migrating into mainstems to access
supplemental feeding sites at a higher rate than females. This benefit though may be more prominent in
streams lying in smaller watersheds, where downstream migration results in a more extreme increase in
available prey and thus a greater increase in potential growth. Since intrasexual competition is likely very
high between males for mates (Blanchfield et al. 2003), this behavior would help males to become more
competitive in mate acquisition. Additionally, high mobility in males could provide a mechanism for gene
flow between populations, reducing inbreeding stress (Perrin and Mazalov 2000). Mainstems though,
introduce additional threats to Brook Trout that may use them. Many central Appalachian watersheds
contain mainstems with few summer thermal refugia, resulting in fragmentation of suitable habitat (Petty
et al. 2014; Aunins et al. 2015).
Utilizing a resident life history could also have advantages for males. Environmental conditions
such as extremely low flows could prevent migratory males from returning to spawning habitats in certain
years. This would result in resident males being the only available males for spawning. Additionally,
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males which use the resident life history could still successfully reproduce if they take on the role of
peripheral males. Along with more consistent survival, these factors could help this trait remain viable in
our streams. Females, who experience less intense intrasexual competition, may be opting to forgo the
potential growth advantage achieved through migration in favor of higher survival associated with
headwater habitats. Additionally, residence may provide females with earlier access to optimal spawning
habitats than females who migrate into mainstems. By utilizing these strategies, Brook Trout could
improve their individual fitness within central Appalachian headwater streams.
Previous literature has challenged the notion of limited movement in stream dwelling Brook
Trout (Gowan and Fausch 1996; Petty et al. 2012). However, few studies have evaluated differences in
movement, dispersal, and habitat use based on sex. To simplify migration dynamics in our populations,
our simulation models assumed that females did not migrate. While no migration amongst females is
unlikely, previous research has found that male Brook Trout disperse farther than females (Hutchings and
Gerber 2002). Faster growth of males in our systems could be evidence that this pattern may hold true in
our populations. Literature describing sex-biased movement and habitat use in other fishes has found
mixed results. Polymorphic anadromous/resident salmonid populations have exhibited differential
movement rates between sexes with females typically migrating at higher rates than males (Jonsson 1989;
Jonsson and Jonsson 1993; Rundio et al. 2012). Genetic data suggested there was no evidence for sexbiased dispersal in an anadromous Atlantic Salmon population (Consuegra consuand García De Leániz
2007). In an anadromous Brown Trout population, males and females have been found to exploit different
habitats with females adopting anadromy at a higher rate than males (Jonsson 1989). In other fish taxa,
males have been found to display higher movement rates than females (Croft et al. 2003; Marentette et al.
2011). Variable sex-biased movement, dispersal, and habitat use between different populations and taxa is
likely due to different selection pressures facing these populations.
Sex-biased growth in Brook Trout has also been observed in other populations (Cooper et al.
1962; Hutchings 2006). Hutchings (2006) also found that males were more dependent on growth for
survival than females. Since growth rates are likely higher for fish that utilize supplemental foraging
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habitats, males would benefit disproportionately from doing so. While females would also benefit from
increased growth due to increased fecundity, this benefit would likely be negligible. Males appear to gain
a growth advantage of 10-20 millimeters as adults on average. If the same growth advantage were
imparted on females, the result would be a fecundity increase of approximately 30-70 eggs, which is
about a 20 – 30% increase, based our fecundity estimates but, assuming 5% of eggs recruit to YOY,
would only yield an extra 1-4 recruits. This may push the selection pressure on females towards
maximizing survival over fecundity. Other studies in different system types have found different patterns.
Jonsson (1989) hypothesized that female Brown Trout attained faster growth than males by exploiting
productive marine habitats at a higher rate than males. During a 16-year monitoring study, two population
types have been observed in Coho Salmon Oncorhynchus kisutch, one in which males outnumber females
and females grow faster and one in which sex ratios and growth rates are equal (Holtby and Healey 1990).
These varying patterns may reflect differences in the pressures between anadromous and freshwater
populations. The difference in productivity between coastal and riverine systems in a system supporting
anadromous populations is much larger than the difference in productivity between headwater and
mainstem streams used by many freshwater restricted populations (Hoellein et al. 2013). As such the
trade-off between growth and survival and the impacts they have on fitness would be different in these
different situations.
One of the assumptions made by our simulation models was that migratory behavior is directly
passed genetically from parents to offspring. This assumption was made to simplify the models for the
purpose of evaluating the effects of altered population dynamic rates on the persistence of migratory
behaviors in a population. Indirect genetic control, the control of physiologic trait associated with a
behavior, has been found to play a role in migratory behavior in salmonid populations (Lemopoulos et al.
2018; Kelson et al. 2020). In partially migratory species, indirect genetic control may provide an
evolutionary advantage by allowing for phenotypic plasticity (Pulido 2011). Our models did not account
for this plasticity which would likely allow both life history strategies to persist longer despite
unfavorable conditions.
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The timing of our sampling could have played a role in the differences in the sex ratios we have
observed in our long-term dataset. Protandry, the arrival of males at a spawning site earlier than females,
has been observed in salmonid species, including Brook Trout (Blanchfield and Ridgway 1997; Morbey
2000). The earlier arrival and longer time spent in spawning areas by males may have biased our sex ratio
calculations by providing a higher probability of capturing males than females. Our sampling occurs
throughout the spawning season so sampling bias is possible but no notable patterns in sex ratios over the
sampling have been observed. In a linear regression, no significant relationship existed between the day
of the year that the stream was surveyed and the percent of adult Brook Trout that were female (p =
0.262).
If the hypothesis that males are moving into mainstems to access supplemental foraging habitats
holds true in our systems, maintaining or remediating movement corridors and mainstem foraging
habitats would be important to allow for the persistence of diverse life history strategies. Given the
importance of diversity of life history strategies in a population to its stability and viability (Figge 2004;
Schindler et al. 2015), the promotion of diversity can contribute to maintaining and building resilient
populations. Brook Trout populations in Appalachia face many threats ranging from habitat
loss/fragmentation, overexploitation, and competition with non-native salmonids. Previous work on
central Appalachian Brook Trout populations suggest that they prefer deep, swift habitats that are near to
cover regardless of stream size (Hansbarger et al. 2008; Hartman and Logan 2010). In southern
Appalachia, Flebbe et al. (2006) predicted the loss of 53% - 97% of Brook Trout habitat, resulting in
smaller, more fragmented populations. In a West Virginia watershed, models have suggested that Brook
Trout populations can survive so long as precipitation increases along with temperature as predicted by
climate models (Merriam et al. 2017). Another study of West Virginia Brook Trout populations suggested
only about 14 angler-days of effort would be required to deplete a stream of harvestable-sized fish
(Hartman et al. 2019). Non-native trouts can alter Brook Trout habitat use (Hitt et al. 2017; Trego et al.
2019) and can affect Brook Trout growth (Carlson et al. 2007). Given these threats Brook Trout
populations face, creating conditions conducive to the maintenance of life history diversity could help
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provide the populations with increased resilience. Management focused on maintenance of movement
corridors, mainstem foraging habitats, and headwater spawning habitats would provide the potential for
individuals to exhibit alternate life histories and allow the populations to have a diverse portfolio, resilient
to disturbance.
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Tables
Table 1. Summary of non-parameters of interest used in Brook Trout population simulation models.
These parameters did not change between scenarios. Data used to calculate population demographic
parameters came from long-term data collected between 2003 – 2019 in 25 headwater streams in West
Virginia.
Parameter
Resident Survival
Female Survival
Number of Eggs
Produced
Recruit from Egg
to YOY

Constant or Calculation
Truncated Normal (μ=0.361, σ=0.011, a=0,
b=∞)
0.361
log(𝐹) = 3.23 ∗ log(𝐿 𝑇 ) − 5.07
0.05

Source
Long-term data
Long-term data
Wydoski and Cooper (1966)
(corrected for metric input)
Produced stable population
growth in simulations
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Table 2. Summary of parameters of interest used in Brook Trout population simulation models. All
pairwise combinations of parameters were tested as different scenarios. Data used to calculate population
demographic parameters came from long-term data collected between 2003 – 2019 in 25 headwater
streams in West Virginia.
Attribute
Migration Penalty

Parameter
Migrator mortality

Level
High

High

Calculation or Constant
Truncated Normal (μ=0.250, σ=0.011,
a=0, b=∞)
Truncated Normal (μ=0.31, σ=0.011,
a=0, b=∞)
Truncated Normal (μ=0.361, σ=0.011,
a=0, b=∞)
1.00

Medium
Low
High

0.75
0.50
0.50

Medium
Low

0.37
0.00

Medium
Low
Migration Bonus

Resident Bonus

Proportion of migrators
that spawn successfully

Proportion of peripheral
males that spawn
successfully
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Table 3. Comparison of logistic models evaluating relationship between probability of observing
significant growth differences between male and female Brook Trout and environmental covariates.
Models were constructed based on a priori hypotheses. Models with a ∆AICc < 2 were model averaged.
Model Parameters
Drainage Area
Drainage Area + Wetted Width
Elevation + Drainage Area + Flow Accumulation
Difference
Distance to Mainstem
Flow Accumulation Difference + Distance to
Confluence
Wetted Width
Elevation + Distance to Mainstem
Intercept Only
Elevation
Flow Accumulation Difference
Flow Accumulation Difference + Elevation
Stream Order
Geologic Unit

K
2
3
4

AICc
27.41
29.92
32.36

∆AICc
0
2.52
4.95

AICc
Weight
0.63
0.18
0.05

Cumulative
Log
Weight
Likelihood
0.63
-11.43
0.81
-11.39
0.86
-11.18

2
3

33.65
33.94

6.24
6.53

0.03
0.02

0.89
0.92

-14.55
-13.40

2
3
1
2
2
3
3
5

34.15
34.61
34.84
35.28
35.96
36.81
39.26
40.08

6.74
7.20
7.44
7.88
8.55
9.40
11.85
12.67

0.02
0.02
0.02
0.01
0.01
0.01
0.00
0.00

0.94
0.96
0.97
0.98
0.99
1.00
1.00
1.00

-14.80
-13.73
-16.34
-15.37
-15.71
-14.83
-16.06
-13.46
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Table 4. Summary statistics for the distribution of values of proportion migrator at the end of all
simulations for each parameter level (high, medium, and low) of each parameter of interest (migrator
mortality, migrator spawning success, and peripheral male spawning success).
Parameter
Migrator Mortality

Migrator Spawning Success

Peripheral Male Spawning Success

Level
High
Medium
Low
High
Medium
Low
High
Medium
Low

Mean
0.78
0.43
0.31
0.30
0.49
0.72
0.86
0.38
0.27

Median
1.00
0.38
0.00
0.00
0.38
1.00
1.00
0.02
0.00

5th
Percentile
0.00
0.00
0.00
0.00
0.00
0.01
0.29
0.00
0.00

95th
Percentile
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
0.99
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Figure Captions
Figure 1. Map of headwater streams sampled annually from 2003 – 2019. Each point represents the
middle section within a study stream. Of the 25 streams, 17 are located on the Monongahela National
Forest while the remaining eight are on adjacent private land.
Figure 2. Comparison of von Bertalanffy growth curves of male and female Brook Trout from 25 West
Virginia headwater streams. Growth curves were built using mean length at age data from Brook Trout
data collected annually between 2003 – 2019. Male growth was significantly faster than female growth in
our streams.
Figure 3. The drainage area of a stream was the best predictors of whether a difference in growth existed
between male and female Brook Trout in headwater streams. The effect of drainage area was significant
(p = 0.031).
Figure 4. Brook Trout percent female data from 25 West Virginia headwater streams by age group.
Percent female differed significantly from 50% at ages 1 and 3 but not at age 2. Age 1 Brook Trout were
disproportionately female while age 3 were disproportionately male.
Figure 5. Comparison of mean proportion migrators at the end of Brook Trout population simulation
models by level of parameter of interest. Error bars represent the 95% confidence interval of each value.
Significant differences were found between levels of migrator mortality (a.) and peripheral male
spawning success (c.) but no differences were found between levels of migrator spawning success (b.).
Figure 6. Interactions between parameters of interest in Brook Trout population simulation models. Lines
represent mean value of proportion migrator at each parameter level. A significant interaction was found
between migration survival and migration spawning success on percent migrator at the end of the
simulation (a.). No significant interaction was found between the migrator mortality and peripheral male
spawning success (b.) or migrator spawning success and peripheral male spawning success (c.). This
could be evidence of a growth mortality trade-off in central Appalachian headwater Brook Trout
populations.
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Abstract
Lotic eastern Brook Trout Salvelinus fontinalis populations face threats from several sources such
as habitat fragmentation, climate change, and competition with introduced salmonids. As a recreationally
valuable species, understanding how these populations will respond to disturbances is paramount to their
management. A population’s ability to respond to disturbance, its resilience, is driven by several factors.
One group of factors potentially contributing to resilience is population genetics. Population resilience
metrics were calculated based on transient dynamics using population projection matrix models. Longterm demographic data from 23 headwater stream Brook Trout populations were used to parameterize
these models. Genetic data from these same 23 streams were also collected and genetic indices from these
data were calculated. Isolation by distance was evaluated by regressing pairwise genetic differentiation
(FST) with pairwise distance between sites. Partial redundancy analysis was then used to evaluate
relationships between resilience metrics and genetic indices. Isolation by distance varied by watershed
with some watersheds exhibiting gene flow over larger distances than others. Inbreeding coefficient,
rarefied allelic richness, FST and effective population size were all found to be important variables in
predicting resilience metrics. The results of our analysis suggest that genetic isolation may actually
increase the demographic resilience in Brook Trout, through faster generation times and higher juvenile
survival, but this likely comes at the cost of increased extinction risk and undesirable size structures.
These genetic indices can provide insight into gene flow between populations, thus indicating a
relationship between population connectivity and resilience. Given the apparent importance of
connectivity to population resilience, restoring and maintaining movement corridors could help to
maintain resilience in headwater Brook Trout populations.
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Introduction
Demographic resilience is a topic of great interest to ecologists. In an era of rapidly changing
environmental conditions, disturbances and perturbations are occurring more frequently and with greater
severity (IPCC, 2021). In lotic systems, this generally comes in the form of altered flow regimes
(Novotny & Stefan, 2007), more extreme temperatures (Daraio & Bales, 2014), altered land use (Maloney
& Weller, 2011), and degraded water quality (Peters & Meybeck, 2000). The ability of a population to
withstand disturbances by resisting changes in abundance induced by disturbance and recovering from
them defines its resilience (Hodgson et al., 2015; Holling, 1973). Resilience can largely be broken into
two components: resistance and compensation. Demographic resistance describes a population’s ability to
avoid a decrease in density following a disturbance while compensation describes the ability of a
population to respond to a disturbance by increasing in density (Capdevila et al., 2020). The life history
strategies within a population have been linked to its demographic resilience with species that exhibit
high turnover and population growth rates generally having higher resilience than species which live
longer and turn over more slowly (Winemiller 2005). The different aspects of resilience: resistance,
compensation, and recovery time, are also related to life history strategies, with different life histories
taking advantage of different aspects defining population resilience
(Capdevila et al. 2021).
Despite interest in resilience by ecologists, it has proven potentially difficult to define. Many
studies evoke the idea of resilience without consideration of any quantifiable measure therein. Attempts
have been made to develop quantifiable measures of resilience. Ives (1995) developed a method for
estimating resilience of stochastic environments based on relationships between the population growth
rates of species within a community. Indicators based on critical slowing down, the tendency of a system
to recover more slowly from a disturbance as it approaches a tipping point, have been linked to the
probability of community collapse and the timing of species extinction (Dakos and Bascompte 2014).
Scheffer et al. (2015) also recommended the use of critical slowing down based metrics as an indication
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of ecological resilience but also endorsed using long time series data or satellite imagery to characterize
alternative ecological states. Other researchers suggested that no one metric can capture the resilience of a
population but the aspects of a population that drive its resilience can be measured and defined (Hodgson
et al. 2015). Based on this idea, Capdevila et al. (2020) laid out a framework for estimating demographic
resilience based on a suite of metrics associated with a population’s transient dynamics. Transient
dynamics describe a population’s departure from its stable state following a disturbance and processes
driving its return to the stable state (Stott et al. 2011). The metrics calculated to describe the transient
dynamics of a population fall into four groups: compensation, resistance, transient envelope, and recovery
time (Capdevila et al 2020). Three metrics are used for each compensation and resistance and are
associated with how a population reacts to a disturbance in the first time-step, the maximum displacement
of a population during the transient period, and the long-term displacement of a population after the
transient period. For compensation, these metrics are reactivity, maximum amplification, and
amplification inertia, respectively. For resistance, they are first-step attenuation, maximum attenuation,
and attenuation inertia, respectively. Transient envelope metrics represent a population’s overall response
to disturbance and are a combination of compensation and resistance metrics. Two metrics are used to
describe a populations transient envelope: reactivity envelope and inertia envelope. These can be thought
of as a population’s immediate and long-term response to a disturbance respectively. Finally, two metrics
are calculated for recovery time: convergence time and damping ratio. These metrics are similar and
differ mostly regarding unit. Convergence time is time stamped and can provide managers with estimates
of how long it will take a population to recover while damping ratio is unitless and thus useful for
comparing resilience among populations or species with different generation times. While the
aforementioned techniques are used to define ecological resilience at the community or ecosystem level,
the framework proposed by Capdevila et al. (2020) can provide insight to demographic resilience at the
population level.
Genetic indices have also been used to evaluate the resilience of a population. Using genetic
parameters, insights into connectivity/isolation dynamics among subpopulations (Lowe and Allendorf
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2010), population persistence (Lande and Shannon 1996), and evolutionary potential (Frankham et al.
1999) can be gained. Interconnectivity between spatially structured metapopulations has been linked to
population resilience due to several processes. Hypotheses such as the rescue effect and propagule rain
describe how immigration from surrounding populations can reduce the risk of localized extinctions
(Gotelli 1991). A lack of genetic diversity in a population can impact its fitness through inbreeding
depression and reduction of adaptive ability (Markert et al. 2010). Minimum viable population size has
been assessed using effective population size based on genetic indices with a general rule of thumb being
an effective population size of 50 to avoid inbreeding depression and 500 to ensure maintenance of
evolutionary potential (Jamieson and Allendorf 2012). Given the links observed between genetic indices
and population resilience, a connection between these indices and demographic resilience metrics based
on transient dynamics may also exist.
Stream dwelling eastern Brook Trout Salvelinus fontinalis populations often experience disturbances,
largely from sources including increasing water temperature, land use changes, competition with
introduced salmonids, and sedimentation (Hudy et al. 2005). It has been estimated that Brook Trout
populations have been extirpated from 28% of previously occupied subwatersheds with 35% of
subwatersheds having less than 50% of Brook Trout habitat intact (Hudy et al. 2008). Previous genetic
analyses of lotic Brook Trout populations have found variability in levels of gene flow between spatially
structured populations. In a Virginia watershed, pronounced fragmentation was observed between
populations with smaller patches having lower genetic diversity and higher risk of extinction (Whiteley et
al. 2013). Kelson et al. (2015) observed connectivity between below barrier populations but populations
above natural barriers showed little evidence of gene flow with below barrier populations. Other
environmental factors such as temperature, stream gradient, and the presence of tributaries have also been
associated with the magnitude of gene flow (Kanno et al. 2011b). A simulation study found that gene
flow could occur at the watershed scale but would be limited by watershed development (Nathan et al.
2019). For isolated populations, evidence of genetic rescue has been observed when individuals from a
high diversity population were introduced into a low diversity, above barrier population (Robinson et al.
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2017). Barrier removal has also been found to be effective in reconnecting populations with migrants
present in previously isolated populations in the first year following barrier removal (Wood et al. 2018).
Given the previously stated relationships between connectivity and resilience, there likely exists a
spectrum of resilience among Brook Trout populations, that can be detected using genetic data.
Our objectives were to investigate the potential relationships between indices of population
genetics and demographic resilience. Using long-term ecological monitoring data, we aimed to estimate
population resilience metrics. These metrics were then related to genetic measures associated with those
populations.

Methods
Study Area
Brook Trout genetic samples and demographic data were collected from 23 headwater streams in
eastern West Virginia (Figure 1). These streams stratified across six HUC10 watersheds, each containing
between one and eight streams (Table 1). Fifteen of the study streams were located on the Monongahela
National Forest while the remaining eight were located on adjacent private commercial forest lands
largely used as private hunting leases and for timber harvest. This region of West Virginia is dominated
by maple/beech/birch and oak/hickory forests, but some spruce/fir forests are also present (Morin et al.
2016). The study streams ranged in elevation from 613 – 1129 meters, in drainage area from 1.7 – 18.7
km2 and in stream order from 1 – 3.
Environmental covariates associated with these sites were calculated in ArcGIS using remotely
sensed data. Covariates included mean slope, mean elevation, flow accumulation difference, and drainage
area. Distance to confluence was also calculated in ArcGIS and was defined as the distance from the
middle sampling section to the confluence with the nearest third order or higher stream.
Data Collection
Brook Trout electrofishing surveys were conducted annually during Brook Trout spawning period
(October to December) from 2003 – 2020. Surveys used triple-pass depletion, backpack electrofishing
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methods on three 100-meter sections (upstream, middle, and downstream) of each stream. Other species
commonly occurring in the study systems included riffle daces Rhinichthys spp. and Mottled Sculpin
Cottus bairdi. Sympatric populations of non-native trouts, Rainbow Oncorhynchus mykiss and Brown
Salmo trutta trouts, were present in eight of the 23 streams. Brook Trout sampled during the
electrofishing surveys were measured to the nearest millimeter, weighed to the nearest gram, and visually
checked for sex identification. All fish sampled were held streamside in aerated stream water during
subsequent electrofishing passes and returned to the stream after the final pass. During fish surveys in
2018, adipose fin clips were collected from up to ten adult (>100 mm) Brook Trout in each stream
section, for a target sample size of 30 fin clips per stream. Adipose fin clips were stored in 95% ethanol
until DNA extraction. The care and handling of all fishes captured for this ongoing sampling is in
accordance with protocols 15-0506 of West Virginia University Animal Care and Use Committee.
Genetic Protocols
The Wizard SV-96 DNA purification system (Promega, Madison, Wisconsin) was used for
genomic DNA extraction, following manufacturer protocols. Extracted genomic DNA was quantified
using spectrophotometry (NanaDrop, Wilmington, Delaware) and diluted to a 10 ng/μL standard.
Thirteen microsatellite loci defined by King et al. (2012) were amplified using an PTC-200 thermocycler
(MJ Research, St. Bruno, Quebec) or a C1000 thermocycler (Bio-Rad, Hercules, California). Ten-μL
reactions were used, each consisting of 1 X Qiagen Multiplex PCR Master kit, 0.2-μM fluorescently
labeled forward primer, 0.2-μM reverse primer, and 20 ng of DNA.
Two different amplification protocols were used, each for a set of loci. Loci set one consisted of
SfoB52, SfoC79, SfoD100. SfoC24, SfoC28, SfoC115, and SfoC113 while loci set two consisted of
SfoC86, SfoD91, SfoC38, SfoD100, SfoC88, and SfoC129. Loci set one was amplified with an initial
heating to 94°C. Thirty-five subsequent cycles of 94°C (30 s), 56°C (30 s), and 72°C (45 s) were then
performed with a final extension of 72°C for 10 min (King et al. 2012). The amplification protocol used
for loci set two began with an initial heating to 94°C. Fifteen subsequent cycles of 94°C (45 s), 60°C (45
s), with a decrease of 0.5°C per cycle, and 72°C (30 s) were then performed. Fifteen additional cycles
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were then performed of 94°C (45 s), 52°C (45 s), and 72°C (30 s) (King et al. 2012). Samples were then
sent to the WVU Genomics Core Facility (CTSI Grant #U54 GM104942) for fragment analysis using a
LIZ600 size standard. Allele peaks were identified and manually confirmed using GeneMarkerTM
Genotyping Software by SoftGenetics.
Genetic Data Analysis
Possible null alleles were evaluated using the R package PopGenReport using the function null.all
(Adamack and Gruber 2014). Deviations from Hardy-Weinberg equilibrium (HWE) were tested using the
hw.test function in the R package pegas (Paradis 2010) using a Monte Carlo procedure with 10,000
replicates. Significance was determined after a Bonferroni correction.
Population assignment was performed by assessing pairwise genetic differentiation (Fst) between
each stream sampled. Pairwise comparisons were only performed for streams within the same HUC10
watershed. Pairwise FST values were calculated using the program FSTAT version 2.9.3 (Goudet 2003).
The most likely number of populations in a watershed was then assessed using the STRUCTURE
software (Pritchard et al. 2000). The number of populations tested (K) for each watershed ranged from
one to two more than the number of streams in that watershed to account for the potential of more
populations than sampling sites. The burn-in period and the number of Monte Carlo iterations were both
set to 10,000. Structure results were then imported into STRUCTURE HARVESTER (Earl and vonHoldt
2012) to determine the mostly likely K value visually using the loge likelihood of the number of
populations and ΔK (Evanno et al. 2005). When the most likely number of populations was greater than
one, these procedures were repeated on subsets of the data, as determined by the original test until K was
equal to one (Vähä et al. 2007).
Genetic diversity metrics within genetically defined populations were then calculated. Expected
(He) and observed (Ho) heterozygosity were calculated in the R package adegenet (Jombart 2008).
Effective population size (Ne) was estimated using the program NeEstimator version 2.1 (Do et al. 2014)
with only alleles with frequencies greater than 0.02 considered in the analysis. Rarefied allelic richness
(Ar) was calculated using the function allel.rich in the R package PopGenReport (Adamack and Gruber
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2014). Mean relatedness (Queller and Goodnight 1989) was calculated using the Microsoft Excel add-in
GenAlEx (Peakall and Smouse 2012) using 999 permutations and bootstraps. Inbreeding coefficient (FIS)
and population-specific FST were calculated using the basic.stats and betas functions in the R package
hierfstat, respectively (Goudet and Jombart 2021).
Population Projection Matrix Models
Brook Trout age class was assigned using finite mixture models using the R package mixdist
(Macdonald and Du 2018). Fish were assumed to only live to age 3 since previous research on the study
streams found Brook Trout ranged from age 0 – 4 with fish rarely surviving to age 4 (Stolarski and
Hartman 2010). A finite mixture model was constructed for each stream year combination. A population
projection matrix (PPM) model was then constructed for each population as determined by the genetic
structure analysis using the R package popdemo (Stott et al. 2018). Survival was estimated by following
cohorts through time and was calculated as the density (Brook Trout / 100m) of a cohort in a population
in a given year divided by the density of the same cohort in the previous year. Using this method, 16
survival estimates were calculated for each of the three age class transitions (age 0-1, age 1-2, and age 23). In rare cases (12 out of 720) where calculated survival was greater than one, the estimate was
removed. A mean survival estimate for each age transition in each population was then calculated using
these estimates. Fecundity estimates were obtained using the length-fecundity relationship in Wydoski
and Cooper (1966) corrected for metric measurements. The equation used was, log(𝐹) = 3.23 ∗
log(𝐿 𝑇 ) − 5.07, in which F is fecundity and LT is the total length of the female Brook Trout in
millimeters. Mean fecundity for age 2 and 3 Brook Trout were calculated for each population. Egg
survival to age 0 was calculated for each cohort in each population using the total number of eggs
produced/100 m based on the summed fecundity estimates of age 2 and 3 female Brook Trout sampled in
a population divided by the density of age 0 Brook Trout sampled in the following year. Mean egg
survival was then calculated for each population across years. An example of the population projection
model matrix can be found in Figure 2.
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Population resilience metrics were then calculated based on the PPM models following the
framework laid out in Capdevila et al. (2020). The equations used to calculate these metrics can be found
in Table 2. Calculated metrics included reactivity, maximal population amplification, inertia
amplification, first-step population attenuation, maximal population attenuation, long-term population
attenuation, reactivity envelope, inertia envelope, damping ratio, and convergence time. Maximal
population amplification always occurred in the first year after the disturbance in our models, so this
metric was always equal to reactivity and as such was not used in further analyses.
Statistical Analysis
Isolation by distance was evaluated using generalized linear models. Pairwise FST was correlated
with pairwise geographic distance between sites using a Mantel test with 10,000 permutations.
Geographic distance between sites was measured as the shortest distance between the middle shocking
section of each stream along a stream path. Mantel tests were performed for the streams in the Greenbrier,
Middle Fork, and NFSB Potomac drainages separately. Since there was only one stream in the Upper Elk
River drainage, and two streams in both the Cranberry River and Dry Fork drainages, streams in these
drainages were excluded from the isolation by distance analyses. Due to this, a subset of 18 streams was
used to evaluate isolation by distance.
Partial redundancy analysis was used to evaluate relationships between resilience metrics and
genetic and environmental variables using data from all 23 streams. Analyses were performed in the R
package vegan (Oksanen et al. 2020). Drainage was used as a conditioning factor to partition out the
variation attributed to drainage. Forward selection (α = 0.1) was used to select important variables from a
set of candidate variables including genetic and environmental covariates. Genetic covariates included He,
Ho, Ar, Ne, relatedness, FST and Fis. Environmental covariates included elevation, drainage area, slope,
distance to confluence, and flow accumulation difference. Variance inflation factor was used to evaluate
collinearity of selected variables. Both covariance and correlation matrices of the response variables were
used for redundancy analyses, and the performance of the models was compared using adjusted R2 values.
The covariance matrix was created by Hellinger transforming the response variable matrix while the
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correlation matrix was untransformed. Significance was evaluated using a global permutation test using
1000 permutations and an alpha value of 0.05.

Results
Across the 23 streams, a total of 506 individuals were successfully genotyped. Sample sizes per
stream ranged from 8 – 32. In the 18-stream subset used for isolation by distance analysis, a total of 391
individuals were genotyped with sample sizes ranging from 8 – 31 per stream. A total of 15 populations
were designated based on genetics, each containing between 1 – 4 streams (Table 1). No null alleles or
significant deviations from HWE were detected. Mean (SD) calculated values for genetic diversity
metrics were Ho = 0.58 (0.08), He = 0.62 (0.08), Ar = 5.28 (0.87), Ne = 95.71 (125.98), relatedness = -0.04
(0.02), FIS = 0.08 (0.07), and population-specific FST = 0.21 (0.10) (Table 3). Mean pairwise FST values
were similar by drainage. Watersheds with more than one pairwise comparison, the Greenbrier River,
Middle Fork, and NFSB Potomac River watersheds had mean (SD) FST values of 0.087 (0.042), 0.091
(0.044), and 0.092 (0.039) respectively. The Cranberry River and Dry Fork watersheds only contained
two study streams and thus only had one pairwise comparison. The streams in the Cranberry watershed
had an FST of 0.017 and the Dry Fork streams had an FST of 0.091.
Isolation by distance was detected in watersheds with two or more pairwise comparisons.
Significant relationships were detected between pairwise distance between sites and pairwise FST in the
Greenbrier (p = 0.042) and Middle Fork (p = 0.015) watersheds but not the NFSB Potomac watershed (p
= 0.666). Streams in the Greenbrier watershed appear to be the most connected since the slopes for the
isolation by distance relationship was the lowest. This would indicate that there is less differentiation over
larger distances. Although the relationship was not significant, the NFSB Potomac streams though appear
to be the least connected given their steeper slope. Gene flow in the Middle Fork streams was moderate
relative to the other two watersheds.
Genetic differentiation was observed across all streams, generally associated with watershed
designation. When all streams were run together 11 was the most likely number of populations. Based on
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this global analysis, the Cranberry, Dry Fork, NFSB Potomac and Upper Elk contained one population
while the Greenbrier contained three and the Middle Fork contained four (Figure 4). When subsets of the
data based on these populations were analyzed, genetic differentiation was observed in four of the six
watersheds sampled. Single populations were found in each the Upper Elk (Figure 5a) and Cranberry
River (Figure 5b) watersheds. The Upper Elk watershed only contained one study stream and the
Cranberry only contained two, which were close in proximity (distance between middle sampling section
= 1531 m). All other watersheds contained more than one population. Two populations were observed in
the Dry Fork watershed, each population corresponding to a study stream, NF Red and Elklick runs
(Figure 5c). The Greenbrier watershed had three separate populations, Upper Greenbrier containing Poca
and Lick runs, Lower Greenbrier containing Block and Elleber runs, and a population containing only
Clubhouse Run (Figure 5d). Four populations were observed in the Middle Fork watershed. The
populations defined in the Middle Fork watershed included, Upper Middle Fork (Birch Run, Light Run,
Rocky Run, and Sugar Drain), Panthers (Panther and NF Panther runs), a Long (Middle Fork) Run
population, and a Schoolcraft Run population (Figure 5e). Four populations were also detected in the
NFSB Potomac watershed and included, Brushy Run, Little Low Place (Vance Run), Long/Roaring
(Long (Seneca) and Roaring runs) and Whites Run (Figure 5f).
Forward selection procedure indicated that population-specific FST, FIS, Ar, and Ne were important
variables in predicting resilience metrics. No collinearity was observed between these variables since all
variance inflation factors were <10. The RDA using the correlation matrix (untransformed response
variables) (adjR2 = 0.832) performed better than the model using the covariance matrix (Hellinger
transformed response variables) (adjR2 = 0.469). Variance partitioning procedures on the correlation RDA
indicated that drainage described 69.7% of the variation in the resilience metrics by population while
genetic variables described 13.5%, and 0% of the variance was described by both drainage and genetic
variables combined. The overall adjusted R2 for the partial RDA was 0.832 (Figure 6). The global
permutations test indicated that the strength of the linear relationships between resilience and genetic
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variables was significant (p = 0.042). Axis specific eigenvalues, proportion of variance explained, and
cumulative proportion of variance explained can be found in Table 4.
The results of the partial RDA indicated FIS was correlated with higher levels of maximum
attenuation and negatively associated with reactivity envelope. Population-specific FST was correlated
with higher levels of first-step attenuation. Rarefied allelic richness was found to have a negative
relationship with maximum attenuation and a positive relationship with reactivity envelope. Effective
population size was correlated positively with long-term attenuation and negatively with convergence
time.

Discussion
The watersheds in this study appear to have different levels of gene flow between populations.
The three watersheds that were evaluated (Greenbrier, Middle Fork, and NFSB Potomac) differ in several
ways that may affect the ability of Brook Trout to move between headwater streams. The Greenbrier and
NSFB Potomac watersheds exist at high elevations, both having mean elevations of study sites above
1,000 m. The Middle Fork on the other hand, is lower elevation and the mean elevation of study streams
within this watershed being approximately 750 m. Previous work has found that high elevation mainstems
provide thermal refugia and supplemental foraging which results in higher connectivity between
headwater streams (Petty et al. 2012; Huntsman et al. 2016). The study streams within the NSFB Potomac
watershed though, flow through a region containing karst topography. As a result, dry conditions are
seasonally observed in large sections of many these streams. Intuitively, seasonal drying can result in
isolation of stream fish populations as fish are forced to exploit deeper, isolated, pool refuge habitats
(Hodges and Magoulick 2011). Isolation in Brook Trout populations has been found to select for higher
juvenile survival, shorter generation times, and smaller body sizes and may result in rapid local extinction
(Letcher et al. 2007). As such, understanding the factors that may contribute to isolation is of great
interest to managers.
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Genetic factors appear to be related to population resilience metrics in our study systems.
Inbreeding coefficient, population-specific FST, rarefied allelic richness, and effective population size
were all correlated with resilience in our populations. Inbreeding coefficient and population-specific FST
were found to be positively associated with resistance metrics, specifically maximum and first-step
attenuation. Maximum attenuation describes the lowest population density that can be reached following a
disturbance and can be seen as a measure of overall resistance to disturbance and first step attenuation
describes the lowest density a population can achieve in the first time-step following a disturbance
(Capdevila et al. 2020). Conversely, negative relationships between FIS and FST with reactivity envelope
were observed. Reactivity envelope describes how a population responds in the short-term to a
disturbance by changes in abundance with lower values representing higher resistance to change
(Capdevila et al. 2020). The negative relationship we observed between FIS and FST and this metric would
support that higher FIS and FST result in greater resistance. High levels of inbreeding and isolation could
be a consequence of population fragmentation (Beer et al. 2019). Brook Trout populations have been
observed to respond to isolation with high juvenile survival and faster generation times (Letcher et al.
2007) potentially accounting for the positive relationship we observed between FIS and FST and resistance
metrics. While a positive relationship between isolation/inbreeding and resistance may seem
counterintuitive, previous studies have found that populations with longer generation times are less
resistant to disturbance (Neilson et al. 2020; Capdevila et al. 2021). Additionally, high survival rates have
also been linked to high demographic resistance (Buckley and Puy 2022).
Rarefied allelic richness was positively associated with reactivity envelope and a negatively
associated maximum attenuation. This suggests that having higher Ar results in a wide range of
population density following a disturbance and lower resistance. In dendritic networks such as stream
systems, Ar has been linked to connectivity between populations with high Ar being associated with more
connected populations (Paz-Vinas and Blanchet 2015). This result further illustrates relationships we
previously discussed between isolation and high resilience, specifically resistance. These relationship may
be driven by the inverse of the relationships between FIS and demographic resistance. High levels of
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connectivity among Brook Trout populations may result in lower juvenile survival and longer generation
times (Letcher et al. 2007), which may result in lower resistance (Neilson et al. 2020; Capdevila et al.
2021; Buckley and Puy 2022). Rescue effects associated with connectivity could mitigate some of the
negative effects associated with low demographic resistance though through lower extinction probability
(Gotelli 1991).
Effective population size was found to have a positive relationship with long-term attenuation and
a negative relationship with first-step attenuation. Large effective population sizes can indicate that
populations are more stable over time in terms of abundance and have a more balanced breeding sex ratio
(Caballero 1994). These results would suggest that populations with high Ne are resistant to long-term
fluctuations while being susceptible to short-term fluctuations. Stream dwelling Brook Trout populations
have been observed to have highly fluctuating abundances (Kanno et al. 2016) and have a nearly 1:1
breeding sex ratio (Kanno et al. 2011a). In our study streams, Brook Trout populations have been
observed to experience >60% reductions in abundance due to environmental factors (Hakala and Hartman
2004). Some populations within our study systems have been observed to respond to disturbances
differently than what is observed in the majority of the streams due primarily to demographic and habitat
factors (Andrew and Hartman 2018). Since Brook Trout populations, including our study populations,
fluctuate naturally, the Ne of our populations may be largely driven by long-term stability rather than
short-term stability. This relationship is reflected in the positive correlation observed between Ne and
long-term attenuation. Effective population size has been linked to population viability both in the shortterm (mitigating inbreeding depression) and in the long-term (maintaining evolutionary potential)
(Frankham et al. 2014). Long-term attenuation describes a population’s ability to resist long-term
decreases in population density following a disturbance (Capdevila et al. 2020). Intuitively then, this
resilience attribute would be predicted to be positively correlated with Ne illustrating how population
stability may impact demographic resilience.
Understanding the factors that result in high resilience in Brook Trout populations appears to require
the consideration of many variables. Genetic measures were good predictors of resilience in this study.
128

While several factors were found to contribute to resilience, a general pattern of connectivity associated
with resilience was observed. Metrics indicative of connectivity between populations (FIS, Ar, and FST)
were generally good predictors of population resilience metrics. Population stability though, as indicated
by Ne, was also an important variable. Connectivity between populations has been linked to higher
resilience and persistence capabilities in stream dwelling fishes (Campbell et al. 2019). Our data seem to
go against these hypotheses. While our results suggest that resilience is higher in more isolated systems
based on their demographics, isolated population are more prone to localized extinctions (Van Schmidt
and Beissinger 2020). Additionally, the demographic consequences of isolation that result in high
resilience (i.e. smaller body size, faster generation times) are not desirable from a management
perspective either. Angler surveys in similar systems suggest that anglers prefer to harvest fish that are
186 mm (~7 in) or larger (Hartman et al. 2019). Many of the more isolated study streams which would
exhibit higher resilience, also lack large numbers of preferred-size fish. Given these concerns, it is
possible that the resilience we have observed in isolated streams is a negative consequence of isolation as
populations adapt to survive undesirable conditions rather than something that managers should strive for.
As such, other factors beyond simply population demographic resilience should be accounted for when
managing Brook Trout populations. In another West Virginia watershed, barrier removal projects have
proven successful in rapidly connecting previously disconnected populations, opening up the possibility
of rescue effects from potential extinction events (Wood et al. 2018). When barriers to movement do not
exist, Brook Trout populations within headwater streams in central Appalachia likely display high levels
of connectivity. Studies of other stream dwelling salmonids suggest that high connectivity results in
higher population resilience (Neville et al. 2009; Campbell et al. 2019), while our results suggest isolation
results in higher demographic resilience, likely at the expense of other desirable population traits. Given
the evidence we present in the light of other literature, fully understanding a population’s
connectivity/isolation dynamics and population demographics can help to provide a more complete
picture of the resilience of that population.
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Table 1. Summary of study stream by genetically defined populations and HUC10 watershed. Stream numbers represent numbers in Figure 1.

Genetic Population
Designation
Cranberries
Clubhouse
Lower Greenbrier
Upper Greenbrier
Elklick
NF Red
Long (MF)
Panthers
Schoolcraft
Upper Middle Fork
Brushy
Little Low Place
Long/Roaring
Whites
Crooked
3

10. Little Branch
4. Clubhouse
2. Block
17. Poca
6. Elklick
15. NF Red
13. Long (MF)
14. NF Panther
21. Schoolcraft
1. Birch
3. Brushy
11. Little Low Place
12. Long (Pot)
23. Whites
5. Crooked

Study Streams
20. Sand (Red)
7. Elleber
8. Lick

16. Panther
9. Light

19. Roaring

18. Rocky

22. Sugar

HUC10
0505000502
0505000301
0505000301
0505000301
0502000404
0502000404
0502000102
0502000102
0502000102
0502000102
0207000101
0207000101
0207000101
0207000101
0505000701

HUC10 Name
Cranberry River
Deer Creek- Greenbrier River
Deer Creek- Greenbrier River
Deer Creek- Greenbrier River
Dry Fork
Dry Fork
Middle Fork River
Middle Fork River
Middle Fork River
Middle Fork River
North Fork South Branch Potomac River
North Fork South Branch Potomac River
North Fork South Branch Potomac River
North Fork South Branch Potomac River
Upper Elk River

4
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Table 2. Calculation of resilience metrics as recommended by Capdevila et al. (2020). Each metric was
calculated using population projection matrix models for each of the 25 headwater streams sampled.
Resilience Attribute
Compensation

Metric
Reactivity

Calculation
̂‖
𝜌̅1 = ‖𝐀
1

Max Amplification

̂𝑡 ‖ )
𝜌̅𝑚𝑎𝑥 = max (‖𝐀
1

Amplification Inertia

𝑣𝑚𝑎𝑥 ‖𝑤‖1
𝜌̅∞ =
𝑣 T𝑤
̂)
𝜌1 = 𝑚𝑖𝑛𝐶𝑆(𝐀

𝑡>0

Resistance

First-Step Attenuation
Max Attenuation

Damping Ratio

̂𝑡 ))
𝜌𝑚𝑖𝑛 = min (𝑚𝑖𝑛𝐶𝑆(𝐀
𝑡>0
𝑣𝑚𝑖𝑛 ‖𝑤‖1
𝜌∞ =
𝑣 T𝑤
̂ ‖ /𝑚𝑖𝑛𝐶𝑆(𝐀
̂)
‖A
1
𝑣𝑚𝑎𝑥 ‖𝑤‖1 𝑣𝑚𝑖𝑛 ‖𝑤‖1
/
𝑣 T𝑤
𝑣 T𝑤
𝜌 = 𝜆1 /‖𝜆2 ‖

Convergence Time

𝑡𝑥 = log(𝜌)/ log(𝑥)

Attenuation Inertia
Transient Envelope

Reactivity Envelope
Inertia Envelope

Recovery Time

A = the population matrix model
Â = the standardized matrix population model, calculated as A/λmax
λmax = the dominant eigenvalue of A
w = the dominant right eigenvector, the stable demographic structure of A
v = the dominant left eigenvector, the reproductive value vector of A
minCS = the minimum column sum of the matrix
ρ = the transient bounds or damping ratio when distinguished with an overbar (amplification) or underbar (attenuation)
Subscripts associated with ρ represent timeframe of a study. 1 indicates the first-step, max and min are maximum and minimum
amplication and attenuation, and ∞ is inertia.
λ1 = the dominant eigenvalue
λ2 = the largest subdominant eigenvalue
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Table 3. Summary of genetic indices calculated for headwater Brook Trout populations in Central
Appalachia.
Population
Brushy
Clubhouse
Cranberry
Crooked
Elklick
Littlelow
Long/Roaring
Longwerf
Lower Greenbrier
Nfred
Panthers
Schoolcraft
Upper Greenbrier
Upper Middle Fork
Whites

Hobs
0.63
0.54
0.63
0.48
0.70
0.70
0.51
0.69
0.44
0.63
0.51
0.47
0.56
0.56
0.59

Hexp
0.64
0.54
0.67
0.48
0.67
0.74
0.64
0.70
0.50
0.67
0.55
0.49
0.68
0.62
0.64

Ar
4.97
5.77
6.46
3.99
5.04
6.53
4.80
5.79
4.89
5.91
4.91
3.34
6.01
5.63
5.20

Ne
483.00
39.00
54.90
25.50
35.70
168.90
12.60
30.00
46.30
38.50
37.40
43.00
46.30
161.20
196.30

Relatedness
-0.03
-0.04
-0.03
-0.05
-0.04
-0.04
-0.08
-0.07
-0.05
-0.05
-0.03
-0.04
-0.03
-0.02
-0.03

Fis
0.03
0.01
0.07
0.03
-0.03
0.07
0.23
0.05
0.14
0.10
0.06
0.07
0.18
0.11
0.09

Fst
0.19
0.32
0.16
0.38
0.14
0.06
0.17
0.09
0.37
0.14
0.30
0.37
0.14
0.22
0.19
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Table 4. Summary of statistical results of the redundancy analysis (RDA) performed relating resilience
metrics to genetic and environmental indices associated with headwater Brook Trout populations.
Eigenvalues represent the importance of the individual axes. Proportion variation explained is the
percentage of the total variance explained by each individual axis and cumulative proportion represents
the cumulative proportion of the variance explained by that axis and more important axes.
Importance of Components
Eigenvalue
Proportion Variance Explained
Cumulative Proportion

RDA1
1.364
0.752
0.752

RDA2
0.306
0.169
0.921

RDA3
0.142
0.078
0.999

RDA4
0.001
0.000
1.000
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Figure Captions
Figure 1. Map of the study streams with HUC10 watersheds outlined. Names of stream associated with
stream numbers can be found in Table 1.

Figure 2. Population projection matrix model framework used to evaluate population resilience of
headwater brook trout populations. F represents age class based fecundity estimates calculated using
length-fecundity relationship from Wydoski and Cooper (1966), log(𝐹) = 3.23 ∗ log(𝐿 𝑇 ) − 5.07. LT
represents stream specific mean total length at age of Brook Trout sampled across the entire timespan
(2003 – 2019) of the long-term Brook Trout monitoring study. S represents survival of Brook Trout as
they transition between age classes. For example, SYOY represents the proportion of young of the year
(YOY) Brook Trout that will survive and transition to age 1. Survival was estimated by following cohorts
within a stream across time. Survival (Sage) was calculated by dividing the density/100 m of a cohort in a
𝐶𝑎𝑡𝑐ℎ1(𝑡)

year by the density/100 m of the same cohort in the previous year, e.g. (𝐶𝑎𝑡𝑐ℎ

0(𝑡−1)

). Egg survival (Segg)

was calculated by dividing estimated total population fecundity by the number of YOY caught in the
following year, (

𝐹𝑇𝑜𝑡(𝑡−1)
𝐶𝑎𝑡𝑐ℎ0(𝑡)

). Total population fecundity was calculated by taking the sum of the estimated

fecundity of all of the age 2 and 3 fish sampled in a stream in a year. Population projection matrix models
were executed using package popdemo in R (Stott et al. 2018).

Figure 3. Isolation by distance analysis of central Appalachian headwater Brook Trout populations
separated by HUC10 watershed. Pairwise FST values were correlated with pairwise distance between
streams using a Mantel test. Streams in the Greenbrier River watershed appear to be the most connected
relative to distance while North Fork South Branch of the Potomac River streams are the most
disconnected.
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Figure 4. Structure plot based on all sample streams. The most likely number of populations based on the
global analysis based on loge likelihood and change in ΔK (Evanno et al. 2005) was 11. The populations
were largely differentiated based on watershed but the Greenbrier and Middle Fork watersheds each
contained more than one population. Subsets of the global dataset were analyzed further for more finescale differentiation.

Figure 5. Structure plot used to designate headwater Brook Trout populations within each watershed
evaluated in the long-term Brook Trout monitoring project. Each plot represents the most likely number
of populations in the watershed based on loge likelihood and change in ΔK (Evanno et al. 2005). The
watershed represented in this study include a) Upper Elk River, b) Cranberry River, c) Dry Fork, d)
Middle Fork, and e) North Fork South Branch Potomac River.

Figure 5. Distance triplot displaying weighted species sums of a partial redundancy analysis (RDA) of
resilience metrics and genetic variables associated with central Appalachian headwater Brook Trout
populations.
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